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Conformational Selection 


in Ubiquitin >> 


Protein dynamics are important to function, but it has been 

difficult to study dynamics over the relevant time scale—nanosec- 
onds to microseconds. Now Lange et al. (p. 1471; see the Perspec- 
tive by Boehr and Wright) combine extensive NMR data with 


molecular dynamics approaches to 


of the protein ubiquitin in this time frame. Unbound ubiquitin 
displays collective motions that allow it to sample all configura- 


tions found in bound ubiquitin in 46 


in which, for the most part, the bound ubiquitin is in com- 
plexes with other proteins. Molecular recognition by 
ubiquitin can thus be explained by conformational selection 


rather than by induced fit. 


An Internal Probe 


Molecular structures are largely determined from 
the patterns that result when x-ray or electron 
beams scatter off the molecules placed in their 
path. Meckel et al. (p. 1478) show that struc- 
tural information can also be obtained by track- 
‘ing the momentum of an electron ejected from 
the molecule itself by a strong laser field. Specif- 
ically, electron and ion trajectories were mapped 
after multiphoton ionization of prealigned gas- 
phase N, and O, by ultrashort laser pulses. The 
low momentum electrons reveal the geometry of 
the highest occupied molecular orbital from 
which they emerged, whereas the high momen- 
‘tum electrons ricochet back to the parent 

ion and diffract, providing information on 

the nuclear positions. 


~~ 


Considering Molecular 
Wires at Length 


The resistance of ordinary metallic wires @ 
increases linearly as they get longer, but 

when small molecules are used as wires, the 
mechanisms that govern electron transport can 
change as the molecule gets longer and lead to 
more dramatic changes in conductivity. Experi~ 
mental studies of this effect can be challenging 
because the formation of the molecular junction 
(how it attaches to its metal electrode and how 
the molecular layer orders) could change as the 
wires get longer. Choi et al. (p. 1482) avoided 
this complication by synthesizing conjugated 
molecules on a gold substrate through reactions 
that increased the length in a stepwise fashion 
from 1 to 7 nanometers. A metal-coated atomic 
force microscope tip was used to measure con- 
ductivity, and the expected change from a tun- 


study molecular fluctuations 


known crystal structures, 


neling to a hopping transport mechanism was 
observed, as well as a drop of conductivity when 
Nonconjugated units were introduced into the 
molecule’s backbone. 


Different Partners 
Are Stronger 


The nuclei of atoms contain protons and neutrons, 
which do not behave independently within the 
nucleus: Some of the particles tend to pair up, in 
essence creating locally within the nucleus a 
higher effective density. 
@ Subediet al. (p. 1476, 
— published online 29 May) 
‘ explored the nature of these 
— nucleon pairs by beam- 
‘ing high-energy elec- 
trons into a carbon-12 
foil to displace protons and 
neutrons. By examining the type and momen- 
tum of the displaced nucleons, the authors deter- 
mined that most of the pairs were mixed neutron- 
proton pairs. This finding may have implications 
for understanding neutron stars, where the parti- 
cle density is particularly high. 


Ozone’s Influence 


In recent decades, the westerly winds of the 
southern hemispheric jet stream have acceler- 
ated on the poleward side of the jet; this acceler- 
ation has been attributed to a combination of 
effects from increasing greenhouse gas concen- 
trations and decreasing amounts of stratospheric 
ozone, and this strengthening has been pre- 
dicted to continue. Son et al. (p. 1486) find dif- 
ferently. A recent set of models, which include 


fully interactive stratospheric chemistry, project 
that the summer tropospheric westerly winds in 
the Southern Hemisphere will decrease on the 
poleward side of the jet, owing to the gradual 
diminution of the ozone hole through the year 
2050. This would have important consequences 
for climate in the Southern Hemisphere, and 
highlights the importance of stratospheric ozone 
recovery as an agent of climate change. 


Acid Tests 


Asomewhat neglected but extremely important 
consequence of the ongoing anthropogenic rise 
in the concentration of atmospheric carbon 
dioxide is that the ocean is becoming more 
acidic as it absorbs more of the gas. This acidi- 
fication is making seawater more corrosive 
toward calcium carbonate, the material used by 
many marine organisms to make their 
exoskeletons. Feely et al. (p. 1490, published 
online 22 May) report results from 13 hydro- 
graphic transects from southern Canada to 
northern Mexico. Potentially corrosive seawater 
upwelled onto large portions of the continental 
shelf in 2007. Such seasonal upwelling of such 
waters onto the shelf is a natural phenomenon, 
but the ocean uptake of anthropogenic CO, has 
exposed increasing portions of the shelf to 
potentially damaging effects. 


Fat Controller 

The synthesis of lipids in the liver depends on 
transcriptional pathways under the influence of 
carbohydrate intake. Lee et al. (p. 1492; see the 
Perspective by Horton) provide evidence for a 
rather unexpected addition to the list of tran- 
scription factors involved in lipid metabolism, 
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This Week in Science 


XBP1. XBP1 is already known to regulate the unfolded protein response (UPR) in the endoplasmic 
reticulum, influencing the secretory capacity of a variety of cell types. Mice lacking XBP1 expression 
in the liver after birth showed reduced levels of cholesterol and triglycerides as a result of attenuated 
lipid synthesis in the liver. In wild-type mice, XBP1 was induced by the feeding of carbohydrates and 
corresponded with the expression of several other genes associated with fatty-acid synthesis. It 
remains unclear exactly how XBP1 helps regulate the complex lipogenic transcriptional network in 
response to carbohydrate intake. 


Location Matters 


The signaling pathway through which cells modulate 
protein synthesis and cell growth in response to 
amino acids has been tricky to unravel. Sancak et 
al. (p. 1496, published online 22 May) add a key 


piece to the puzzle with experiments that reveal a 
role for a group of small guanosine triphosphatases 
known as Rag proteins (RagA, -B, -C, and -D). RagC 
associates with the mIORC1 protein kinase complex, 
a key regulator of cell growth. This interaction of Rag 


proteins with mIORC1 appears to be necessary and 

sufficient to convey nutrient availability signals when cells are exposed to amino acids. The physi- 
cal interaction of Rag proteins with mIORC1 appears not to regulate activity of mTOR, but to influ- 
ence its localization within the endomembrane system of the cell. 


The Wood and the Trees 


Predicting the effects of habitat destruction on individual species in real ecosystems is key to conser- 
vation planning. The Spanish Forest Inventory, which consists of >98,000 plots across the forested 
parts of mainland Spain, represents the largest tree data set available for which the presence and 
absence of different tree species have been quantified. Using this data set, Montoya et al. (p. 1502) 
analyzed the relationship between habitat loss and species persistence for 34 Iberian tree species 
at large spatial scales. Differences in responses to deforestation (in terms of species persistence at 
inventoried sites) were driven strongly by the dispersal mechanism: tree species with animal- 
dispersed seeds were more resistant to deforestation than those with wind-dispersed seeds and, in six 
cases, individual tree species actually responded positively to locally reduced tree cover. This relation- 
ship might not persist, however, if populations of dispersal vectors in turn begin to suffer from the 
effects of deforestation themselves. 


Damage Detection 


Abreak in both strands of the DNA double helix is potentially very dangerous for organisms because 
the free ends can recombine inappropriately with other parts of the genome and cause substantial 
damage. Eukaryotic cells sense and attempt to repair such breaks very rapidly, through the recruit- 
ment of DNA repair proteins to the sites of damage, forming nuclear repair foci. Soutoglou and 
Misteli (p. 1507, published online 15 May) have tethered various repair factors individually to 
unbroken DNA in human tissue culture cells and find that, surprisingly, even in the absence of DNA 
damage, repair foci form at the tether site. The DNA damage response may thus involve amplification 
of the damage-signaling cascade, and the damage-sensing proteins may detect alterations in the 
higher-order structure of chromatin around the break. 


Training, Transfer, and the Striatum 


Training causes task-specific performance enhancement and altered patterns of brain activity. 
Training can also improve performance of untrained related or transfer tasks. Dahlin et al. (p. 
1510) trained human subjects on a letter memory task for several weeks. Compared to controls, 
these subjects showed significant improvements over time, and this training also improved an 
untrained, but related task. No transferred improvement was observed in an unrelated task. Simulta- 
neous brain-imaging scans revealed that transfer after updating training was mediated by the stria- 
tum, in line with predictions from computational modeling that the striatum plays a key role in 
updating working memory. 
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Raman Sukumar is pro- 
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ence, Bangalore, India, 
working in the areas of 
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forest ecology, and cli- 
mate change. E-mail: 
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Forest Research for the 21st Century 


LAST MONTH THE UNITED NATIONS (UN) CONCLUDED A BIODIVERSITY CONFERENCE IN 
Bonn, Germany, where delegates from 191 countries negotiated “access to and sharing of the 
benefits of the rich genetic resources of the world.” Many of these resources reside in forests, 
which cover 4 billion hectares or 30% of Earth’s land. Forests are decreasing at a rate of 7 mil- 
lion hectares annually, mostly in the tropics. How can research encompassing the ecological, 
social, economic, and political dimension: rvation contribute to reducing forest 
destruction and maintaining biodiversity, climatic stability, and the livelihoods of the poor, 40 to 
50% of whose resources come from forests? 

We continue to learn about how rainforests support so many species in so little space. We also 
better understand how the social drivers of change, including subsistence needs, global market 
forces, and political governance, result in the degradation and fragmenta- 
tion of forests. But much less has been achieved in addressing how to 
attain forest sustainability in all its dimensions. 

Monitoring the global status of forests and changes in their attrib- 
utes, as is being done by the Food and Agriculture Organization of the 
UN (with government data), must continue, in combination with satel- 
lite-based remote sensing, to know where the most rapid changes are 
taking place, as shown for Amazonia, Africa, and southeast Asia. Also, 
computer modeling of vegetation has used climatic data from general 
circulation models to simulate shifis in global biome boundaries under 
changing climate, and empirical-statistical “bioclimate envelope” mod- 
els have done likewise for plant species distributions. These analyses provide a broad under- 
standing of the spatial direction of potential shifts in biomes and species but need refinement 
for use in regional adaptation strategies for forest conservation. 

We need to know more about forest structure and function: plant physiological ecology 
(photosynthesis, respiration, and nutrient and water use); phenology (leaf flush and senescence, 
flowering and pollination, fruiting and dispersal, and seed germination and regeneration); com- 
munity competitive interactions; and population dynamics. This knowledge may help in predict- 
ing how trees will respond to changes in temperature, precipitation, and other climatic variables 
projected for this century—information needed to take measures to minimize species extinction. 

Forests have been promoted for their role in carbon sequestration and climate mitigation, but 
the strength and duration of the terrestrial carbon sink are unclear, especially for tropical forests. 
Vulnerability to invasive species, pests, diseases, and fires has to be factored into these studies 
as well as the complex carbon and nutrient dynamics of forest soils. 

As for the sustainable management of forests, there are two major components: the harvest 
of roundwood valued at U.S. $64 billion annually and of non-wood products with a reported 
value of U.S. $4.7 billion annually. Sustainable harvest of industrial roundwood from temperate 
forests has considerable scientific backing (such as in Sweden), but this is not the case with trop- 
ical forests. Although hundreds of millions of people across the tropics depend directly on fuel- 
wood and non-wood products, we still need to develop sustainable harvest practices. This com- 
plex task requires research on all aspects of plant species’ biology, and the ability to separate the 
influences of natural factors versus human use in their dynamics. Socioeconomic changes have 
to be factored into research on future demand and supply of non-wood forest produ 
Malaysia, there are now attempts to sustainably manage rainforest logging, although large 
conversion of forests to oil palms for biofuel production has already occurred. 

China is increasing its forest area of 200 million hectares by planting 4 million hectares 
annually. Brazil is aiming at carbon credits for reducing deforestation, presently 3 million 
hectares per year. India has made similar demands for forest conservation and afforestation. 
Research should help integrate such efforts with the broader goals of carbon sequestration, bio- 
diversity conservation, and reversing forest fragmentation. 

Given environmental variability and the long-lived nature of trees, long-term studies with 
comprehensive mandates extending from basic to applied research are likely to be the most use- 
ful in providing the scientific basis for sustainable forest management. — Raman Sukumar 


10.11 26/science.1160329 
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Aerosols have a huge influence on climate, 
largely through how they affect clouds by 
what is termed their indirect effect. The 
indirect aerosol effect is the sum of two 
distinct phenomena: first, the response of 
cloud drop density and size to changes i 
aerosol properties; and second, the 
response of cloud albedo to changes in 
cloud drop density and size. Both compo- 
nents must be known to determine the 
whole effect, but most of the experimental 
and field studies conducted to date have 
addressed only the first process, leaving 
large uncertainties. Roberts et al. describe 
a method to quantify both phenomena at 
once, thereby enabling direct observation 
of aerosol-cloud-albedo interactions. 
They use a stack of three autonomous 
unmanned aerial vehicles below, at, and 
above cloud level, to simultaneously 
measure the radiometric and microphysi- 
cal properties of individual clouds. Their 
results therefore pave the way for resolv- 
ing the largest current source of uncer- 
tainty in the quantification of the radiative 
forcing of climate. — H]S 
Natl. Acad. Sci. U.S.A. 105, 7 
( 


MATERIALS SCIENCE 
Caged Protection 


Aerogels are mesoporous materials whose very low densities lead to unusual thermal and acoustic 
properties. However, their high porosity makes them brittle and has limited their use to a few special- 
ized applications. Leventis et al. show that by crosslinking vanadia aerogels with isocyanates to form 
a conformal coating, they achieve a composite material with an idealized morphology. Unlike more 
common silica aerogels, mesoporous vanadia consists of entangled wormlike fragments, which fused 
together at contact points in the polymer-coated composite. In compressive tests, the silica and vana- 
dia aerogels showed similar trends, with the polymer crosslinked materials exhibiting greater 
strength and toughness. However, one important difference was that the silica aerogels cracked and 
fractured when highly compressed, whereas the vanadia counterparts could carry a high load even at 
91% strain and showed excellent properties under cryogenic conditions. Although vanadia is too 
expensive to use on a large scale, the authors envision that with the right combination of aerogel 
morphology and polymer-aerogel interactions, strong aerogels could be prepared from silicon, iron, 
or aluminum oxides. — MSL 

J. Mater. Chem. 18, 2475 (2008). 


CHEMISTRY 


Small-Cluster Coexistence 


When metal clusters are adsorbed on metal oxide surfaces, their properties can change, especially if 
they interact with defect sites and undergo charge transfer. Simic-Milosevic et al. explored the extent 
of such charge transfer in a model system, in which magnesium oxide films [three monolayers (MLs) 
of MgO(001)] were grown on a Ag(001) surface; Au was then 
deposited at low coverages (0.03 ML) at very low temperatures (5 
K), and its structure was studied with a scanning tunneling 
microscope (STM). Although most of the Au was present as iso- 
lated atoms, two types of dimer could be observed that 
either lay flat on the surface (shown at left) or stood 
upright. Manipulations with the STM tip could form the flat 
dimers from the atoms and then convert them to the 
upright form. Density functional theory calculations indi- 
cated that the upright form is more stable and adsorbs as a 
neutral species onto surface oxygen sites, whereas the flat form is negatively charged and places the 
Au atoms over Mg. These results show that the spread in energy between different electronic states 
may be low enough to allow substantial coexistence on a surface. — PDS 
J.Am. Chem. Soc. 130, 10.1021/)a8024388 (2008). 


EVOLUTION 
Monarch Menace 


Parasites are known to harm their hosts, although from an evolutionary perspective it is not intu- 
itively obvious why an organism that depends on another for its survival and transmission would 
risk killing its partner. Virulence may be an unavoidable outcome of a parasite using host resources 
to replicate, which causes damage and provokes costly immune responses; parasites would thus be 
expected to limit their replication to a submaximal level. To test this hypothesis, de Roode et al. 
collected data on the migratory North American monarch butterfly and a spore-forming protozoan 
parasite. As expected, greater parasite replication and greater spore loads reduced the probability 
of a butterfly emerging successfully from a chrysalis and also reduced the subsequent mating 
success and life span of female butterflies. The tradeoff was that female monarchs with the lowest 
parasite loads transferred spores to only 20% of their eggs, even though the fecundity of the para- 
sitized butterflies was unaltered by spore load. Significant differences in virulence were observed 
between eastern (less tolerant of virulence) and western monarchs. Because eastern migration is 
10 times longer, butterflies carrying highly virulent genotypes of parasite could die of the effects 
of parasitism en route. — CA 

Proc. Natl. Acad. Sci. U.S.A. 105, 7489 (2008). 
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MOLECULAR BIOLOGY 
Fragile DNA 


The iconic image of DNA is a double helix, yet it can also adopt more exotic conformations such as the 
guanine (G) quadruplex, where four strands of G-rich DNA align (intra- or intermolecularly) in a 
stacked rectangular arrangement via Hoogsteen bonds between the Gs. Although the in vitro evidence 
for such structures is plentiful, the extent (or, indeed, the consequence) of their 
existence in vivo is less clear. It is known that runs of Gs are vulnerable to dele- 
tion and that a protein linked to Fanconi anemia, Fanc], can help to protect 
such fragile sites. 

In Caenorhabditis in which the Fanc) homolog dog-1 is deleted, Kruis- 
selbrink et al. show that the G4 DNA tracts most prone to deletion have the 
characteristics of a canonical G quadruplex and that G3 sites—those miss- 
ing one of the four legs—are not fragile. Furthermore, within the G-rich 
sequences, those with the greatest ability to fold into a quadruplex are 
most likely to suffer deletion, occasionally at a very high frequency. The 
small size of the deletions, less than 300 base pairs, suggests that G4 DNA 
preferentially stalls the replication machinery on the lagging strand, the 
tangled mess being extricated only by removal of the offending region up 
to the nearest upstream Okazaki fragment. The loss of Fanc] in Fanconi 
anemia patients may sensitize over 300,000 predicted G4 sites in the 
genome to deletion, and thence produce a predisposition to cancer. — GR 

Curr, Biol. 18, 10.1016/).cub.2008.05.013 (2008). 


Guanine quadruplex. 


PLANT SCIENCE 
Coping with Heavy Metal 


Cadmium seems to be useless to plants but manages to hitchhike its way into plant cells through 
transporters used to import iron, calcium, and zinc. Various processes serve to sequester and thus 
detoxify cadmium; plants contaminated by cadmium are an unfortunate source of heavy metal in 
human and animal diets. Dutilleul ef al. find that the expression of selenium-binding proteins was 
increased in Arabidopsis seedlings after exposure to cadmium, and the overexpression of the sele- 
nium-binding proteins served to protect Arabidopsis from the toxic effects of high levels of cad- 
mium. Binding studies indicate direct interactions between cadmium and selenium-binding protein, 
the function of which in the normal unstressed plant remains unclear. Better insight into how plants 
deal with toxic metals could contribute to developing plants that are able to detoxify soils or to 
reducing trace toxicity in the food chain. — PJH 

Plant Physiol. 147, 239 (2008). 


<< Making Sense of 
EPO Receptors 


Erythropoetin (EPO) signaling contributes to organ 
development, as well as to the differentiation of ery- 
throcytes. The abundance of the EPO receptor (EPO-R) increases after removal of one lung (pneu- 
monectomy) in dogs. In the same system, Zhang et al. report that the abundance of EPO-R appears 
to be regulated by the sense EPO-R transcript (sEPO-R), as well as by either the antisense transcript 
(asEPO-R) or by proteins encoded by two open reading frames (ORFs) within the antisense transcript. 
Both transcripts were detected in the normal canine lung; the abundance of sEPO-R increased mod- 
estly after pneumonectomy, whereas that of asEPO-R and EPO-R more than doubled. Coexpression 
of SEPO-R and asEPO-R increased the abundance of EPO-R in transfected human cells as compared 
to SEPO-R alone. The putative ORF1 protein was not needed to elevate EPO-R in transfected cells. In 
contrast, EPO-R production increased when a construct that included ORF2 and 300 base pairs 5’ of 
the ORF2 start site was cotransfected with sEPO-R; however, when the upstream region was not 
included, EPO-R abundance did not increase. The enhancing effect was restored by mutating the 
start codon of ORF2. The authors propose that asEPO-R has several regulatory elements, with the 
RNA having stimulatory effects and the ORF2 protein negative effects on EPO-R synthesis. — NRG 
Prac. Natl, Acad. Sci, U.S.A. 105, 7612 (2008). 
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Quantifying 
Journal Costs 


The real cost of communicating scientific 
research worldwide—including publishing, 
distributing, and reading journals—is about 
$115 billion, according to a report from the 
U.K.-based Research Information Network (RIN). 
Of that, $3.7 billion is spent in the form of time 
donated by peer reviewers. 

The figures are based on cost and salary 
information from publishers and libraries. The 
group concluded that the United Kingdom is 
more than doing its bit. It has 3.3% of the 
world’s researchers, but they’re shouldering 
8.7% of the worldwide cost of peer review. And 
U.K. publishers put out more than 20% of the 
world’s scientific literature. 

The average cost of producing a scientific arti- 
cle is roughly $8000, RIN estimates, and there 
are limited ways of shaving costs. If 90% of their 
material appeared only online, publishers would 
save $2.1 billion on printing and distribution. 
And getting authors to pay for publication would 
save publishers and libraries $1 billion. The bulk 
of the overall price tag represents consumption: 
Academics devote an estimated $66 billion worth 
of their time to reading articles. 


She Grinds, He Knaps 


The earliest permanent dwellings, dated to 
about 12,000 years ago, are often divided into 
rooms or spaces for working, eating, or sleep- 
ing. But a site nearly twice that old along the 
Sea of Galilee in northern Israel suggests that 
humans living in temporary dwellings also 
divided their spaces into activity areas that 
may have corresponded to a division of labor 
between the sexes. 

In 1989, a drought revealed the remains of 
six brush huts. The site, called Ohalo Il, yielded 
thousands of plant remains and has been 
extensively studied for clues to the transition 
from hunting and gathering to farming 
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Total carbon emissions per capita by quintile 
* Lowest quintile  @Highest quintile 


CARBON OFFENDERS 


Residents of the eastern half of the United States are the worst carbon offenders, according to a 
new report from the Brookings Institution in Washington, D.C., which has quantified the per 
capita carbon footprint of the nation’s 100 largest urban areas. The Lexington, Kentucky, area, 
with high sprawl, little rail transit, lots of air conditioning, and heavy reliance on coal power, has 
the highest yearly per capita emission in the country—3.46 metric tons—whereas residents of 
Honolulu, Hawaii, have the lowest, at 1.36 tons, according to the report, Shrinking the Carbon 


Footprint of Metropolitan America. 


(Science, 29 June 2007, p. 1830). 

Ateam led by archaeobotanist Ehud Weiss of 
the Weizmann Institute of Science in Rehovot, 
Israel, divided the 12-square-meter floor area of 
one of the huts into a 50-square 
grid and plotted the distribution 
of nearly 60,000 seeds and other 
plant remains. A very high con- 
centration, including food staples 
such as wild barley and millet 
grass, was found in the north end 
of the hut, centered around a 
grinding stone, the team reports 
in the August issue of the Journal 
of Archaeological Science. The 
hut's south end, which contained evidence 
that flint was knapped to make stone 
tools, yielded far fewer plant remains. 
Dolores Piperno, an archaeobotanist 

at the Smithsonian Institution in 

Washington, D.C., says that the 
authors make an “excellent case 

for the conscious and differ- 
ential use of space.” Drawing 
upon the anthropological and 
ethnographic literature, the 
team suggests that women 
may have done the grinding 
and men the knapping. 


Gore's Gétterdammerung 


“Hotter! It’s getting hotter!” chants the chorus 
in falsetto as a heavyset man in flowing robes 
rises on a mechanical platform, 
pointing his sword at a hockey 
stick-shaped graph of climate 
trends. Such a scene might 
appear in the opera version of An 
Inconvenient Truth, which will be 
staged at La Scala in Milan, Italy, 
in 2011. Italian composer Giorgio 
Battistelli, 53, is currently at work 
on the opera, the latest in a series 
of accolades for Al Gore. 

“As a researcher on global warming and as an 
aficionado of opera, | am delighted,” says 
Michael Schlesinger, a physicist at the Uni- 
versity of Illinois, Urbana-Champaign, who says 
he plans to attend the premiere. But there are 
climate-opera skeptics among Italy's music 
scholars. “I think that such a thing cannot work, 
from an artistic point of view,” says Nicola 
Giosmin, a composer and musicologist at the 
Cherubini Conservatory of Music in Florence. It 
will be difficult not to “oversimplify” the science, 
he points out, adding that Al Gore’s political life 
may not have enough core dramatic elements— 
“sex, betrayal, murder”"—to sustain the plot. 
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New biodegradable polymer 
adhesive patches mimic the 
nanotopography of gecko feet, 
which adhere well to vertical 
surfaces. They could seal 
wounds, replace or augment 
sutures and staples, and even 
promote healing by delivering 
drugs, growth factors or stem 
cells directly to an internal 
organ? jefirey M. Karp, Ph.D. 
Harvard-MIT (HST) 
Brigham and Women's Hospital 


*kayp etal. Proc Natl Acad Sei 2 
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Three Q’s >> 


Going off to college at 19 is not unusual. 
But Alia Sabur is a materials scientist 
who starts this week as a professor at 
Konkuk University in Seoul, South Korea. 
Guinness World Records lists her as the 
world’s youngest university professor. 
based on her accepting the position a few 
days shy of her 19th birthday. A New York 
City native, Sabur graduated at 14 from 
Stony Brook University in New York and 
then earned master’s and Ph.D. degrees in 
materials science from Drexel University 
in Philadelphia, Pennsylvania. 


Q: You're at a point in your career that 
most people are still chasing in their 
30s and 40s. What are your goals? 

I'm interested in the research aspect as 
well as the teaching aspect [of acade- 
mia]. One of the advantages of having a 
Ph.D. is that I can go and learn different 
subjects without taking classes and wor- 
rying about grades. Of all the experi- 
ences in my life, doing a Ph.D. is not one 
I want to repeat. Also, I’m branching out 
into public speaking to help motivate 
others, especially young girls, to go into 
science and technology. 


Q: How will you relate to students who 
are older than you? 

I’m used to everybody being older than 
me. Once I start talking, people can tell 1 
know what I’m talking about. 


Q: Why Korea? 

I have never visited Asia. I thought it 
would be an interesting experience. 
[Konkuk] has closely related research to 
what I’m doing, and I thought there would 
be some potential collaborations with 
Stony Brook. Their president got his Ph.D. 
from Stony Brook. 
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IN THE COURTS 

IN GRATITUDE. A federal court's decision to 
award Cornell University and an affiliate organ- 
ization $184 million in a patent infringement 
lawsuit against Hewlett-Packard (HP) could 
bring Hwa Torng a windfall of $46 million. The 
75-year-old electrical engineer, a former pro- 
fessor at Cornell, plans to give most of it away 
to help students at community colleges. 

In the early 1980s, Torng invented a tech- 
nology to enable computer processors to exe- 
cute multiple instructions at once. Cornell's suit 
against HP, filed in 2001, claimed that HP used 
the technology from 1996 to 2006, when the 
patent expired, without obtaining a license. HP 
argued that the technology it used was its own, 
different invention. On 30 May, after less than 
7 hours of deliberations, a federal jury in 
Syracuse, New York, agreed with Cornell. 

HP may still appeal. But whatever the even- 
tual settlement, Torng’s share would be 25%. 
He intends to use most of the money to fund 
scholarships for students at community col- 
leges. “| have a strong feeling about those kids; 
many of them come from not-so-well-to-do 
families,” says Torng, who grew up in Taiwan 
and immigrated to the United States 52 years 
ago. Torng’s wife also emigrated from Taiwan. 
“We're just grateful for the opportunities that 
we've had,” he says. 


MOVERS 

NEW FRONTIERS. Ernst-Ludwig Winnacker 
learned a thing or two about grantmaking 
when he ran Germany's premier research 


LOST AND FOUND. Primatologists and 
hunters are often at odds, but a young 
German researcher may owe her life to a 
group of Congolese hunters, 

Esther Carlitz, 23, went missing on 22 May 
after she and a colleague left their research 
camp to track a group of bonobos. Carlitz 
got hungry and decided to make her way 
back alone to Lui Kotal, a camp inside the 
Salonga National Park in the Democratic 
Republic of the Congo that belongs to the 
Max Planck Institute for Evolutionary 
Anthropology in Leipzig. 

Carlitz wandered for 6 days in the forest 


without food before coming across a hunters’ camp. A search party that had combed the area 
for nearly 2 weeks finally found her on the morning of 3 June in the company of three of the 
hunters, tired but otherwise in surprisingly good shape, said Max Planck spokesperson 
\ christina Beck. The hunters “took extremely good care of her,” says Beck. 
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THEY SAID IT 


“In response to an inquiry, Mr. Maxim 
acknowledged that the following people listed 
as co-authors on several of his publications 
are ‘fabricated’ names and that he is the 
‘single real author’: C. Turinici, M. Gheorge, 
D. Smith, R. Johns, S. Dupue, and D, Antrik. In 
other cases, Mr. Maxim has not consulted his 
co-authors and submitted publications with- 
out their knowledge.” 

—the IEEE Journal of Solid-State Circuits in a 6 June 
note retracting a number of papers by Adrian Maxim, 
an Austin, Texas-based semiconductor engineer. 


agency, the DFG, from 1998 to 2006, and 
more recently the European Research Council. 
Now the 67-year-old biologist will bring that 
experience to bear as the new secretary gen- 
eral of the Human Frontier Science Program 
Organization (HFSPO). 

Funded by 36 countries, HFSPO supports 
work on the complexity of living organisms, a 
topic that Winnacker says is “close to my heart” 
and coming into its prime. “Biology is really 
only now becoming quantitative, and the HFSP 
is prepared for that,” with its focus on tackling 
complexity, he says. The program awards grants 
to international collaborations and provides 
fellowships for researchers to travel abroad for 
postdoctoral research or to branch out into new 
disciplines. Winnacker will take over from 
Nobelist Torsten Wiesel on 1 January 2009 as 
the organization marks its 20th year. 
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Changes in Peer Review Target 


Young Scientists, 


After a year of gathering advice on how to 
improve its overloaded peer-review system, 
the U.S. National Institutes of Health (NIH) 
last week unveiled a plan to ease the workload 
on both applicants and reviewers and to help 
young investigators. The changes incorporate 
many recommendations from two 
advisory committees. But NIH 


Heavyweights 


For example, reviewers can participate in 
12 sessions over 6 years instead of 4 years and 
potentially share the duty with a colleague. 
Those receiving high-prestige awards from 
NIH or holding at least three basic research 
grants will be obliged to serve if asked. NIH 


Better Luck the Second (or Third) Time Around 


rejected a suggestion aimed at 
eliminating an apparent bias favor- 
ing researchers who resubmit their 
grant applications after being 
turned down. 

NIH Director Elias Zerhouni 
asked internal and external advi- 


% of Total Awards 


Si ee ee is at 


: oy 
sory working groups last June to 


1999 "2000 2001 "2002 "2003 ~ 2004” 2005 "2006 ~ 2007 


suggest ways to cope with a record 
number of applications, a contin- 
ued flat budget, and a shortage of 
quality reviewers. NIH’s response 
to their report (Science, 29 February, 
p. 1169) was presented last week 
to the director’s advisory commit- 


4% of Applications Funded 
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tee by the co-chair of both panels, 
Lawrence Tabak, director of the 


1998 


1999 2000 2001” 2002” 2003” 2004” 2005” 2006 


Fist Time —e— Fist Resubmission —=— Second Resubmission 


National Institute of Dental and 
Craniofacial Research. Cell biolo- 
gist Keith Yamamoto of the Uni- 
versity of California, San Fran- 
cisco, who co-chaired the external 
group, says he’s “disappointed” 
that NIH rejected the advice on resubmitted 
proposals but that he’s “basically happy with” 
the overall response. 

NIH plans to shorten the allowed length 
of applications from 25 pages to 12, to focus 
more on the anticipated impact of the 
research and less on methods and other 
details. Proposals will be given scores on 
five criteria, not just an overall score, to pro- 
vide clearer feedback. In addition, reviewers 
will score all applications, even those in the 
bottom of the pile that are now “triaged,” or 
set aside. At the end of a study section meet- 
ing, reviewers will rank applications to 
reduce ambiguity. 

NIH also followed suggestions for making 
reviewing more attractive to busy researchers. 


Tough sledding. Resubmitted applications are claiming a growing 
share of the overall pool of funded RO1 research grants (top), and 
the success rate for first-time proposals, which make up about two- 
thirds of all applications, has plummeted to single digits (above). 


will also offer a grant extension of up to 
$250,000—about 9 months’ funding—to 
some 500 reviewers who have participated in 
at least 18 study section meetings. Tabak says 
this is intended to compensate them for time 
away from the bench spent preparing for and 
attending each meeting. NIH has not yet esti- 
mated the costs, but Tabak says “it is a zero- 
sum game” assuming most would have their 
grants renewed anyway. 

However, NIH officials nixed a key recom- 
mendation to jettison a em that allows 
researchers who don’t win funding the first 
time around to resubmit the proposal up to two 
more times. Reviewers tend to favor these 
amended applications over first-time submis- 
sions, the working groups found, perhaps 


A desert 
C02 sink? 


because the applicants responded to review- 
ers’ comments or because reviewers know it’s 
the investigator's last shot. Since the doubling. 
of NIH’s budget ended in 2003, the share of 
the total pot claimed by first-time subr jons 
has shrunk from about 60% to 30% (see lower 
graph). To level the playing field, the two pan- 
els recommended that all proposals be consid- 
ered “new” so that resubmitted ones get no 
particular advantage. NIH also rejected the 
proposal that fatally flawed applications be 
labeled “not recommended for resubmission,” 
instead leaving it up to reviewers to offer this 
advice in comments. 

These two proposals didn’t go over well 
with the community. “There was a huge out- 
cry about this, People feel like they need a sec- 
ond chance, a third chance,” Zerhouni says. 
“We're not comfortable with changing the 
system radically to reduce the number of 
resubmissions,” says Howard Garrison, public 
affairs director of the Federation of American 
Societies for Experimental Biology in 
Rockville, Maryland, which urged NIH to 
abandon these ideas. 

Instead, NIH plans to “carefully rebalance 
success rates among” the three types of sub- 
missions so as to fund a larger portion on the 
first round, according to Tabak. The burden 
will fall on each institute’s advisory council. 

To help out young, first-time investigators, 
NIH will review their proposals separately 
within a study section. Officials plan to pilot 
setting a funding cutoff point for all early- 
stage propo: cross all study sections 
Since 2007, Zerhouni has set a goal of funding 
at least 1500 new investigators a year, about 
150 more than in 2006, NIH also plans to dou- 
ble its funding for high-risk awards to about 
1% of the agency's RO! budget. 

NIH also tempered a suggestion aimed at 
distributing scarce resources, The advisory 
panel had recommended that NIH require 
principal investigators to spend at least 20% of 
their time on each grant, creating a de facto 
cap of four grants, But Zerhouni says it is “not 
practical to have a hard 


nd-fast rule” because 
the amount of time scientists spend on non- 
research activities, such as teaching, varies by 
institution. Instead, applicants who already 
have $1 million in NIH funding will have to 
explain why they need more. 

NIH plans to implement the changes over 
the next 18 months. 


-JOCELYN KAISER 
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FUSION RESEARCH 


More than just a 
pretty picture? 


India’s university 
expansion 


Design Changes Will Increase ITER Reactor's Cost 


The €10 billion ITER fusion project hopes 
to demonstrate that a burning plasma can be 
controlled to produce useful energy. This 
month, ITER’s funders face their own daunt- 
ing task of keeping the project’s budget 
under control, as scientists present a wish list 
of design chang 

The changes are needed, say the researchers, 
because of advances in fusion science since 
the baseline reactor design was published in 
2001. Although the wish list won’tbe publicly 
revealed until ITER’s governing council 
meets in Japan on 17-18 June, insiders say the 
design tweaks are going to require more 
money, a fact that will not go down well with 
governments funding the project. “Where the 
pain level is for each [ITER] member is 
impossible to say,” says David Campbell, 
assistant head of ITER’s department of fusion 
science and technology. 

The design review is not the council’s only 
headache. The prices for steel and copper 
have skyrocketed this decade, and at the end 
of last year, the U.S. Congress zeroed out the 
country’s ITER contribution from the 2008 
je June council will be a key meet- 
ing,” says Campbell. 

ITER, or International Thermonuclear 
Experimental Reactor, has been on the draw- 
the mid-1980s. In 2001, the 
sign was ready, and, after much 
wrangling over the site, the governments of 
China, the European Union, Japan, Rus 
South Korea, and the United States agreed to 
build it at Cadarache in southern France 
(Science, | July 2005, p. 28). (India joined the 
effort in 2006.) But before construction s\ 
this year, ITER managers decided to as 
archers to review whether the design 


eerie 


Making space. Construction workers 
clear the ground for ITER at Cadarache. 


www.sciencemag.org SCIENCE VOL 320 


could be improved to give the project the 
best chance of meeting its goals (Science, 
13 October 2006, p. 238). 

Led by Giinter Janeschitz of Germany's 
Karlsruhe research center and completed late 
last year, the redesign report is 
mend 80 modifications, including changes to 
the plasma’s microwave heating system, the 
complex arrangements of magnets to hold the 
plasma in place, and the diverter, a device 
around the bottom of the doughnut-shaped 
vessel that extracts spent fuel. I staff and 
the Science and Technology Advisory Com- 
mittee—a panel of fusion experts appointed 
by ITER members—have been poring over 
the report, trying to separate out the essential 
from the merely desirable, and estimating 
how much the changes will cost and their 
impact on the construction schedule. “All of 
these things cost money, ... [so] we must be 
careful not to make a list so long that the bill 
shocks everyone,” says a senior European 
fusion researcher who asked not to be named. 

One of the most contentious recommen- 
dations concerns a system to control explo- 
sive releases of energy at the edges of the 
plasma called edge-localized modes (ELMs). 
If they are too large, ELMs can erode the wall 
of the reactor vessel and damage the diverter. 
The current ITER design already contain: 
em to control ELMs: rapidly firing 
‘eam of frozen deuterium pellets into the 
jasma, each of which causes a mini-ELM 
that does no damage. But researchers using 
the DIII-D fusion reactor in San Diego, Cali- 
fornia, discovered another way: A weak mag- 
netic field can make the edge of the plasma 
slightly leaky and take the sting out of ELMs, 

Such a system would be simpler and more 
efficient than pellet injection, but to create the 


magnetic field requires adding electromag- 
netic coils inside the reactor vessel—a major 
and expensive design change. Some think it 
too soon to decide on such a major modifica- 
tion. “It’s clear the field has an effect. But we 
don’t yet understand the physics. It'll take 3 to 
4 years to nail it down,” says Hartmut Zohm 
of the Max Planck Institute for Plasma 
in Garching, Germany. Zohm and 
'§ suggest that a redesign could make 
space for the coils with the decision to install 
them taken later. 

ITER council members will also be 
eager to hear about the U.S. budget situa- 
tion. The decision by Congress last Decem- 
ber to remove the $149 million ITER fund- 
ing from the fiscal year 2008 budget was 
considered unfortunate but not catastrophic 
by ITER insiders. “In 2009, we'll be ready 
to get running,” says Ned Sauthoff, head of 
the U.S. ITER effort, adding: “We're a fam- 
ily. We'll figure out how to get through this.” 
Last month, the U.S. Senate approved 
spending $55 million on ITER this year as 
part of a bill now before Congress to fund 
the military in Iraq and Afghanistan. The 
bill’s fate is uncertain, however, as the Bush 
Administration opposes any additional 
domestic spending. 

The talk in Washington is that, with a 
presidential election looming, Congress 
will simply extend the current budget for 
another 6 months, leaving ITER out in the 
cold until April 2009. This could prompt 
some ITER members to query the United 
States’s commitment to the project. Says 
ITER project construction leader Norbert 
Holtkamp: “If the U.S. doesn’t restore fund- 
ing in 2009, then we have a very tricky prob- 
Jem. We have to ensure that 2009 is okay.” 

DANIEL CLERY 
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GEOLOGY 


Two Years On, a Mud Volcano 
Still Rages—and Bewilders 


As a disastrous mud eruption on Indonesia's 
Java Island marks its second anniversary, the 
unprecedented event continues to stir debate 
about whether it resulted from an exploratory 
gas well drilling accident or a distant earth- 
quake and how long it will last. The mud vol- 
cano, nicknamed Lusi, has been disgorging 
mud at a rate of up to 150,000 cubic meters 
per day. Officials are struggling to contain 
the effluent within dikes that are regularly 
breached and built anew farther out. 

In November 2006, ground deformation 
near the volcano ruptured a natural gas 
pipeline, killing 13 people. Lusi’s mud has 
engulfed 750 hectares, destroying the homes 
of more than 30,000 people as well as facto- 
ries and farms. “Sadly, it’s not about simple 
technical problems anymore. It’s more 
[about] economic and social and political 
problems,” says Satria Bijaksana, a geo- 
physicist at Institut Teknologi Bandung. 

Lapindo Brantas, the oil and gas explo- 
ration company that operated the ill-starred 
gas well, and the government have promised 
compensation to landowners, but it has been 
slow in coming. Hundreds of families are still 
living in temporary shelters. In two separate 
cases, Indonesian courts have ruled the erup- 
tion a natural disaster, absolving Lapindo 
Brantas of liability. Ivan Valentina Agaung, a 
lawyer for Walhi, an Indonesian environmen- 
tal group that filed one of the suits, says the 


group is appealing to a higher court in hopes 
of getting Lapindo Brantas to take responsi- 
bility for environmental rehabilitation. 

For scientists, Lusi is an intriguing speci- 
men. A flurry of papers refines previous 
work on the cruption’s dynamics and offers 
insights into the evolution of mud volcanoes. 
“This is a great opportunity. Nobody knows 
how other mud volcanoes looked when they 
were first appearing,” says Adriano Mazzini, 
a geologist at the University of Oslo. 

There is general agreement on the 
sequence of events. On 27 May 2006 at 5:54 
a.m, local time, a magnitude-6.3 earthquake 
struck near Yogyakarta, in central Java. 
Between 5 and 8 a.m. the following day, 
Lapindo Brantas’s gas well, which was being 
drilled 250 kilometers to the east near the 
town of Sidoarjo, began to flood. Workers 
shut the well’s blowout preventer to keep the 
fluid from gushing out the top. They noted 
that pressure inside the well rose rapidly 
before gradually subsiding. Early in the 
morning of 29 May, mud began burbling out 
of the ground about 150 meters away. 

Ina February 2007 article in GSA Today, 
Richard Davies, a geologist at the University 
of Durham, U.K., and colleagues claimed 
that the drillers penetrated a porous lime- 
stone formation about 2800 meters below 
the surface, inadvertently tapping into a 
highly pressurized aquifer. The borehole’s 


Still going strong. Gases watt from the crater of the 
mud volcano on Indonesia's Java Island. 


casing didn’t extend deep enough to protect 
rock from cracking under the pressure when 
the blowout preventer was shut, he con- 
cluded. Water then channeled its way to 
the surface, bringing mud with it (Science, 
2 February 2007, p. 586). 

That’s not how Mazzini and his colleagues 
see it. In the 30 September 2007 issue of 
Earth and Planetary Science Letters, they 
argued that the region’s geological structures, 
pressurized hydrocarbon deposits, common 
in the region, and a seismic fault created con- 
ditions “perfect for a mud volcano.” The only 
thing missing was a trigger, Mazzini says. The 
drilling might have contributed, he says, but 
he believes a more important factor was that 
the Yogyakarta earthquake reactivated the 
fault, At roughly the same time Lusi broke, 
mud also erupted from eight fissures along a 
100-kilometer stretch of the fault line. “I don’t 
think this is a coincidence.” he says. 

Global Positioning System (GPS) data 
and an obvious kink ina rail line show that 
ground along the fault has shifted up to half 
a meter since the Yogyakarta earthquake. 
But Michael Manga, a geologist at the Uni- 
versity of California, Berkeley, who has 
studied how earthquakes trigger distant vol- 
canic eruptions, contends that the quake was 
too small and too far away from the fault to 
influence it. In recent decades, he says, 
“there were many earthquakes that were 
both closer and bigger and by any measure 
more likely to have triggered an eruption.” 

In a paper published online on 5 June in 
Earth and Planetary Science Letters, Manga, 
Davies, and colleagues suggest that the fault 
is likely to be shifting in response to the move- 
ment of vast amounts of material to the sur- 
face. The mechanism is not clear. Co-author 
Rudi Rubiandini, a petroleum engineer at the 
Institut Teknologi Bandung, says the analysis 
“makes every other reason [for the eruption] 
impossible.” Most earth scientists agree that 
the well must have had some effect, says 
James Mori, a seismologist at Kyoto Univer- 
sity in Japan. But he says researchers can’t 
determine whether the volcano would have 
formed without the drilling. 

While sympathizing with Lusi’s victims, 
geologists say they relish the rare opportunity 
to study a mud volcano’ birth and evolution. 
GPS and satellite-based interferometric syn- 
thetic aperture radar data indicate that the sur- 
face near the volcano’s vent is collapsing into 
a funnel shape, characteristic of sand draining 
from the top bulb of an hourglass. Davies and 
colleagues concluded in a paper published 
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UNSTOPPABLE 


The mud volcano Lusi is unique in its longevity and the volume of material ejected. It may also be 
setting records for the number of failed attempts to plug it. 

Immediately after the 29 May 2006 eruption, Lapindo Brantas—the company whose 
exploratory drilling, some claim, triggered the eruption—pumped concrete into the well to try 
to stop the gush of hot, salty water from a subsurface aquifer. When that failed, the company 
brought in a consultant from Houston, Texas, who directed the drilling of two relief wells 
intended to intercept the original borehole and pump in high-density drilling mud to plug the 
leak. This effort was abandoned when the wells were short of their target—also, reportedly, 
because Lapindo Brantas ran out of money. 

In February 2007, following a proposal from geophysicist Satria Bijaksana and two colleagues 
from Institut Teknologi Bandung, Lapindo Brantas started dropping into the vent clusters of con- 
crete balls, 20 centimeters and 40 centimeters in diameter, roped together with steel cables. The 
objective, Bijaksana says, was “to reduce the sheer volume of mud coming out of the vent to a 
manageable level.” This effort was abandoned after 398 of a planned 1000 clusters had been 
dropped; a government agency that took over management of the disaster concluded that the 
balls were having little effect. 

The only hope of plugging Lusi is to drill another relief well to plug the original well at a point 
below where it was breached, says Rudi Rubiandini, a petroleum engineer at Institut Teknologi Ban- 
dung. He estimates that the well would cost $70 million to $100 million. But that is unlikely to hap- 
pen, he says: “Our government now thinks this is a natural disaster and impossible to kill.” -D.N. 


online on 21 May in Environmental Geology 
that between June 2006 and September 2007, 
the funnel’s center sank at about 4 centimeters 
per day, which in 3 years would produce a sag 
of 44 meters. They also report that areas out- 
side the funnel are rising, probably due to 
movement of the fault. 

Scientists are puzzling over other phenom- 
ena as well. Since March 2007, the flow has 
periodically stopped for hours or days only to 
resume with its previous vigor. The likely 
explanation, Davies says, is that the weight of 
mud at the surface is collapsing the vent deep 


Entombed. More than 
30,000 people lost their 
homes to Lusi. 
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underground. Pressure backs up until it breaks. 
through the blockage. In addition, there have 
been 88 minieruptions of water and methane 
where the ground is subsiding. Rubiandini 
believes the subsidence is cracking open pres- 
surized gas pockets, And along the fault, gey- 
sers of water have suddenly shot up in the mid- 
dle of yards, rice paddies, and even within fac- 
tories, probably due to the rearrangement of 
subsurface plumbing, “The volcano is taking 
on a life of its own,” Davies says. 

How long this will go on, he says, is any- 
body's guess. DENNIS NORMILE 


iN OP 


More Political Heat on NIH 


The U.S. Congress is ramping up its investiga~ 
tions into how the National Institutes of Health 
(NIH) monitors financial conflicts of interest 
among grantees. 

One high-profile case involves Harvard Uni- 
versity and Massachusetts General Hospital 
child psychiatrist Joseph Biederman. Last week, 
as first reported in The New York Times, Senator 
Chuck Grassley (R-IA) alleged that Biederman 
and two colleagues had failed to report to their 
institutions hundreds of thousands of dollars in 
‘income from consulting for a half-dozen or so 
drug companies. Grassley has asked Harvard 
whether the researchers broke university rules 
that prohibit faculty members from conducting 
clinical trials of products made by companies 
from whom they have received payments 
exceeding $20,000. Grassley, who has accused 
NIH Director Elias Zerhouni of “lax” oversight of 
extramural research, wants to require drug com- 
panies to report all payments to physicians in a 
public database. 

Also last week, two Republicans on the 
House Energy and Commerce Committee asked 
Zerhouni to look into whether two Cornell Uni- 
versity researchers studying a new screening 
test for lung cancer had to disclose a financial 
stake in the study's outcome. Democrats on the 
committee have leveled similar accusations at 
rival researchers leading an NIH-funded clinical 
trial (Science, 2 May, p. 602). 

Harvard and NIH say investigations are 
under way, including a “systemwide review of 
policies” at NIH. In the past, NIH has said it 
lacks the authority to directly monitor conflicts 
of interest involving its grantees and instead 
relies on universities to police themselves. 
Grassley’s letter to NIH says he is looking at 
cases involving more than 20 other universities. 

~JOCELYN KAISER 


A Smart Investment 


BERLIN—Berlin officials like to joke that the 
city is “poor but sexy.” Now they can add “and 
smart.” Despite chronic budget shortfalls, 
Berlin’s city government has pledged €160 
million ($250 million) over the next 4 years to 
attract top researchers to the city’s universities 
and institutes. The “Berlin International Forum 
for Excellence” has the chance to make Berlin 
“one of the most important locations for 
research in the world,” said Jiirgen Zéllner, the 
city’s senator for science and education. Aug- 
mented by private donations, the funding will 
be used to top up salaries of world-class 
researchers, set up graduate schools in “areas of 
excellence,” and attract visiting scholars. 
~GRETCHEN VOGEL 
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WENCHUAN EARTHQUAKE 


Scientists Race Against the Clock to Gauge Landslide Risk 


XIAO JIA QIAO, CHINA—In a vale ringed by 
mountains bearing the tan scars of numerous 
landslides, bulldozers are carving a diver- 
sion channel to relieve pressure from the ris- 
ing waters of a blocked river. On 12 May, the 
Wenchuan earthquake sent about 2 million 
cubic meters of limestone rubble hurtling 
down a mountainside here, obliterating 
houses in Xiao Jia Qiao village and creating 
a 70-meter-high dam on the Chaping River. 
Near the dam, the Chaping’s jade-green 
waters are choked with flotsam, including a 
few bloated pillows and a pair of red doors. 
In the last few weeks, the river, now a lake, 
has risen 50 meters, submerging houses 
along its banks. “I’m surprised how fast the 
water is coming up,” says Wei Fangqiang, a 
physical geographer at the Institute of 
Mountain Hazards and Environment 
(IMHE) in Chengdu, who first glimpsed the 
300-meter-wide dam on 16 May. 

The gravest threat to survivors of the mag- 
nitude-7.9 Wenchuan earthquake, history 
shows, may be new lakes like this one. In 1933, 
a landslide dam formed by a magnitude-7.5 
earthquake in Sichuan Province burst 45 days 
after the quake; the flood killed about 8000 
people, some 2000 more than the number who 
died in the earthquake itself, says Wei. 

A 150-person engineering brigade from 
Hubei Province has been working round the 
clock for 8 days digging a channel to bypass 
the dam. With heavy rain in the forecast, Wei 
says, the Chaping River should rise faster and 


x PS 


Rough-hewn floodgate. Workers sculpt a channel through debris blocking the Chaping River. 


reconnect with its downstream segment in a 
few days. If all goes according to plan, the 
channel should draw down the Chaping grad- 
ually, reducing the risk of the dam giving way 
and unleashing a torrent on people living in 
tents down: 


Qiao, the landslide dam here 
“medium ris! 


sified seven other 
The most dangerous of all, says IMHE geo- 
morphologist Cui Peng, was at Tangjiashan, 
where some 242 million cubic meters of the 
Jianjiang River had piled up behind a fragile 
earth barrier. 

The government had evacuated more 
than 100,000 people downstream in the 
Mianyang area and had a contingency plan 
to quickly evacuate a million more. The 
main objective has been to keep the flow rate 
through a diversion channel fast enough to 
compensate for the rain-fed Jianjiang River’s 
rise. Army troops earlier this week fired 
rockets at boulders near the channel to try to 
boost the flow rate, according to the Xinhua 
News Agency. Water began moving through 
the channel, and officials declared a “deci- 
sive victory” this week in lowering the level 
of the lake. 

‘As Science went to press, 69,142 people 
were known to have perished and 17,551 were 
missing after the Wenchuan earthquake. Now 
that the search for survivors has ended, the 
overriding task is to provide adequate housing 


a 


and food for more than 1.5 million people 
who lost homes in the quake and to guard 
against the spread of disease in the vulnerable 
displaced population. 

A few days after the initial shock, Cui’s 
team struck out into the disaster zone to 
examine some of the debris dams (Science, 
23 May, p. 996). In the meantime, crewless 
planes from the Institute of Remote Sensing 
Applications in Beijing imaged the area to 
help chart major landslides among the esti- 
mated several thousand triggered by the 
earthquake. A team led by Tang Huiming, an 
expert on geological hazards at China Univer- 
sity of Geosciences in Wuhan, has found evi- 
dence of old landslides where fresh ones 
occurred. Still, the extent of the devastation is 
mind-boggling, says Tang: “I’ve never seen 
anything like this before.” 

In all, Cui and his colleagues have iden- 
tified more than 100 landslide dams. 
Researchers with IMHE and the Chengdu 
Hydropower Survey and Design Institute 
zeroed in on 33 for detailed analysis. The Chi- 
nese government is attempting to divert water 
at the 12 dams deemed medium or high risk 
and four others. “It’s quite difficult to say” 
how well the diversion channels will work, 
says Cui. “Nobody has very good experience 
for dealing with megalandslide dams.” 

Meanwhile, another threat is looming. 
Scores of landslides—nobody knows how 
many—have blocked gullies that are dry now 
but can fill with water during the rainy sea- 
son. Many smaller dams are known from 
remote sensing, says Cui, but “only from a 
field survey can we say which are dangerous.” 
IMHE researchers plan to fan out around 
Sichuan to identify which of the clogged gul- 
lies have villages or temporary shelters for 
displaced people near their outlets. Wei was 
planning to deliver a report on this threat to 
Sichuan authorities earlier this week. “I’m 
worried that the blocked gullies could create a 
serious disaster,” he says. 

In the months to come, Cui and his IMHE 
colleagues will help determine where it is safe 
to rebuild homes in this shattered corner of 
Sichuan Province. Studying how the mountain 
slopes have changed is a critical piece of the 
government's reconstruction effort. “We have 
to figure out which places are suitable for peo- 
ple to live and which are too dangerous,” says 
Cui. With the huge number of survivors 
roughing it in tents and other temporary shel- 
ters, the scientists will have to work fast. 

-RICHARD STONE 
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Waiting to exhale? CO, flux readings suggest 


that the Mojave Desert in Nevada is gulping 
carbon at the rate of a temperate forest. 


ECOSYSTEMS 


Have Desert Researchers Discovered 
A Hidden Loop in the Carbon Cycle? 


URUMQI, CHINA—When Li Yan began measur 
ing carbon dioxide (CO,) in western China’s 
Gubantonggut Desert in 2005, he thought his 
equipment had malfunctioned. Li, a plant eco- 
physiologist with the Chinese Academy of Sci- 
ences’ Xinjiang Institute of Ecology and Geog- 
raphy in Urumgj, discovered that his plot was 
soaking up CO, at night. His team ruled out the 
sparse vegetation as the CO, sink. Li came toa 
surprising conclusion: The alkaline soil of 
Gubantonggut is socking away large quantities 
of CO, in an inorganic form. 

ACO,-gulping desert in a remote corner of 
China may not be an isolated phenomenon. 
Halfway around the world, researchers have 
found that Nevada's Mojave Desert, square 
meter for square meter, absorbs about the same 
amount of CO, as some temperate forests. The 
two sets of findings suggest that deserts are 
unsung players in the global carbon cycle. 
“Deserts are a larger sink for carbon dioxide 
than had previously been assumed,” says Lynn 
Fenstermaker, a remot sing ecologist at the 
Desert Research Institute (DRI) in Las Vegas, 
Nevada, and a co-author of a paper on the 
Mojave findings published online last April in 
Global Change Biology. 

The effect could be huge: About 35% of 
Earth’s land surface, or 5.2 billion hectares, is 
desert and semiarid ecosystems. If the 
Mojave readings represent an average CO, 
uptake, then deserts and semiarid regions may 
be absorbing up to 5.2 billion tons of carbon a 
year—toughly half the amount emitted glob- 
ally by burning fossil fuels, says John “Jay” 


(CREDIT: DESERT RESEARCH INSTITUTE, NEVADA 
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Arnone, an ecologist in DRI’s Reno lab and a 
co-author of the Mojave paper. But others 
point out that CO, fluxes are notoriously dif- 
ficult to measure and that it is necessary to 
take readings in other arid and semiarid 
regions to determine whether the Mojave and 
Gubantonggut findings are representative or 
anomalous. 

For now, some experts doubt that the 
world’s most barren ecosystems are the long- 
sought missing carbon sink. “I'd be hugely 
surprised if this were the missing sink. If 
deserts are taking up a lot of carbon, it ought 
to be obvious,” says William Schlesinger, a 
biogeochemist at the Cary Institute of 
Ecosystem Studies in Millbrook, New York, 
who in the 1980s was among the first to 
examine carbon flux in deserts. Nevertheless, 
he says, both sets of findings are intriguing 
and “must be followed up.” 

Scientists have long struggled to balance 
Earth's carbon books. While atmospheric CO, 
levels are rising rapidly, our planet absorbs 
more CO, than can be accounted for. 
Researchers have searched high and low for 
this missing sink, It doesn’t appear to be the 
oceans or forests—although the capacity of 
boreal forests to absorb CO, was long under- 
estimated. Deserts might be the least likely 
candidate. “You would think that seemingly 
lifeless places must be carbon neutral, or car- 
bon sources,” says Mojave co-author Georg 
Wohlfahrt, an ecologist at the University of 
Innsbruck in Austria. 

About 20 kilometers north of Urumqi, clus- 


NEWS OF THE WEE 


ters of shanties are huddled next to fields of 
hops, cotton, and grapes. Soon after the Com- 
munist victory over the Nationalists in 1949, 
soldiers released from active duty were dis- 
patched across rural China, including vast Xin- 
jiang Province, to farm the land. At the edge of 
the sprawling “222” soldier farm, which is 
home to hundreds of families, oasis fields end 
where the Gubantonggut begins. The Fukang 
Station of Desert Ecology, which Li directs, is 
situated at this transition between ecosystems. 

In recent years, average precipitation has 
increased in the Gubantonggut, and the domi- 
nant Tamarix shrubs are thriving. Li set out to 
measure the difference in CO, absorption 
between oasis and desert soil. An automated 
flux chamber measured CO, depletion a few 
centimeters above the soil in 24-hour intervals 
on select days in the growing season (from 
May to October) in 2005 and in 2006. The 
desert readings ranged from 62 to 622 grams of 
carbon per square meter per year. Li assumed 
that Tamarix and a biotic crust of lichen, moss, 
and cyanobacteria up to 5 centimeters thick are 
responsible for part of the uptake. To rule out 
an organic process in the soil, Li’s team put sev- 
eral kilograms am chamber to 
kill off any life forms and enzymes. CO, 
absorption held steady, according to their 
report, posted online earlier this year in Envi- 
ronmental Geology. 

“The sterilization treatment was impres- 
sive,” says biogeochemist Pieter Tans, a cli- 
mate change expert with the U.S. National 
Oceanic and Atmospheric Administration in 
Boulder, Colorado. “They may have found a 
significant effect, previously neglected, but 1 
would like to see more evidence.” Indeed, the 
high end of the Urumqi CO, flux estimates are 
off the charts, “That's more carbon uptake than 
our fastest growing southern forests. It’s a > 
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huge number. | find it extremely 
hard to believe,” says Schlesinger, 
who nonetheless says the Chinese 
team’s methodology looks sound. 

At first, Li was flummoxed. 
Then, he says, he realized that 
deserts are “like a dry ocean.” The 
pH of oceans is falling gradually as 
they absorb CO,,, forming carbonic 
acid. “I thought, ‘Why wouldn’t 
this also happen in the soil?’ ” 
Whereas the ocean has a single sur- 
face for gas exchange, Li says, soil 
is a porous medium with a huge 
reactive surface area. One ques- 
tion, Tans notes, is why the desert 
soils would remain alkaline as they 
absorb CO,. Li suggests that 
ongoing salinization drives pH in 
the opposite direction, allowing 
for continual CO, absorption. But where the 
carbon goes—whether it is stowed largely as 
calcium carbonate or other salts—is unknown, 
Li says. Schlesinger too is stumped: “It takes 
a long time for carbonate to build up in the 
soil,” he says. At the apparent rate of absorp- 
tion in China, he says, “we'd be up to our 
ankles in carbon.” 

One possibility, DRI soil chemist Giles 
Marion speculates, is that at night, CO, reacts 
with moisture in the soil and pethaps with dew 
to form carbonic acid, which dissolves calcium 
carbonate—a reaction that warmer tempera- 
tures would drive in reverse, releasing the CO, 
again during the day. (Unlike most minerals, 
carbonates become more soluble at lower tem- 
peratures.) In that case, Marion says, Li’s 
nighttime absorption would tell only half the 
story: “I would expect that over a year, there 
would be no significant increase in soil storage 
due to this process,” he says, as the dynamic of 
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Missing sink? Tamarix shrubs are thriving in China’s Gubantonggut Desert, but 
the soil itself may be socking away far more CO, at night. 


carbon sequestration in the soil would vary 
from season to season. Li agrees that this 
scenario is plausible but notes that his daytime 
measurements of CO, flux did not negate the 
nighttime uptake. 

In any case, other researchers say, absorp- 
tion alone cannot explain the substantial 
uptake in the Mojave. Wohlfahrt and his col- 
leagues measured CO, flux above the loamy 
sands of the Nevada Test Site, where the 
United States once tested its nuclear arsenal. 
From March 2005 to February 2007, the 
desert biome absorbed on average roughly 
100 grams of carbon per square meter per 
year—comparable to temperate forests and 
grassland ecosystems—the team reported in 
its Global Change Biology paper. 

Three processes are probably involved in 
CO, absorption, Wohlfahrt says: biotic crusts, 
alkaline soils, and expanded shrub cover due to 
increased average precipitation. “We currently 


do not have the data to say where 
exactly the carbon is going,” he 
says. Like the Urumqi team, 
Wohlfahrt and his colleagues 
observed CO, absorption at night 
that cannot be attributed to photo- 
synthesis. “I hope we can corrobo- 
rate the Chinese findings in the 
Mojave,” he says. Arnone and oth- 
ers, however, believe that carbon 
storage in soil is minimal. 

Wohlfahrt suspects biotic crusts 
play a key role. “People have 
almost completely neglected 
what's going on with the crusts,” he 
says. Others are not so sure. “I’m 
mystified by the Mojave work. 
There is no way that all the CO, 
absorption observed in these stud- 
ies is due to biological crusts, as 
there are not enough of them active long 
enough to account for such a large sink,” says 
Jayne Belnap of the U.S. Geological Sur- 
vey’s Canyonlands Research Station in Moab, 
Utah. She and her colleagues have studied car- 
bon uptake in the southern Utah desert, which 
has similar crust species. “We do not see any 
such results,” she says. 

Provided the surprising CO, sink in the 
deserts is not a mirage, it may yet prove 
ephemeral. “We don’t want to say that these 
ecosystems will continue to gain carbon at this 
rate forever.” Wohlfahrt says. The unexpected 
CO, absorption may be due toa recent uptick in 
precipitation in many deserts that has fueled a 
visible surge in vegetation. If average annual 
rainfall levels in those deserts were to abate, 
that could release the stored carbon and lead to 
a more rapid buildup of atmospheric CO,— 
and possibly accelerate global warming. 
RICHARD STONE 


U.S. Climate Change Bill Dies, But the Energy Remains 


After weeks of preparation, the U.S. Senate 
failed to engage in a historic debate last week 
on how to reduce greenhouse gas emissions. 
But that hasn’t stopped both sides from 
declaring victory in what amounts to a dry 
run for next year, under a new president and a 
new Congress. 

Scientific and environmental groups that 
see such legislation as a national priority say a 
Democratic proposal to put a price on carbon 
and create a trillion-dollar market in carbon 
credits—which would shift money from pol- 
luters to “green” companies, governments, 
and the public—has at least helped frame a 


debate they hope to win next year. In rebuttal, 
Republican opponents and the Bush Adminis- 
tration, which promised to veto it, believe they 
stood up against a badly flawed bill that would 
have crippled economic growth and cost fam- 
ilies thousands of dollars. 

The actual cause of death for the Climate 
Security Act of 2008 (S.3036), ironically, was 
a failure by proponents to limit debate. Their 
inability to invoke cloture—which requires 60 
votes in the 100-member body—meant that 
opponents would be able to postpone a vote 
indefinitely, That led Democratic leaders to 
pull the plug on 6 June. But supporters claim 


that the 54 senators who expressed support for 
moving ahead with the legislation is itself 
remarkable and provides a solid foundation 
upon which to build. 

“Clearly, we knew we weren’t going to 
get a bill this year,” admits Brendan Bell, 
Washington representative for the Union of 
Concerned Scientists (UCS), which helped 
organize a petition signed last month by 
1700 scientists and economists calling for 
“swift and sharp cuts” in emissions. “But in 
2 years, we’ve gone from people denying 
we have a problem and saying we need to 
study the issue to people saying, “Let’s look 
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Nepal Counts on Science to Turn Struggling Country Around 


KATHMANDU—Nepal’s new leaders have a 
surprising strategy for making the poor 
Himalayan nation’s transition from monarchy 
to republic a success: They plan to shower 
money on science. High on the agenda of 
Nepal’s new legislative body, the Constituent 
Assembly, is to approve next month a 
$125 million budget for the Ministry of Envi- 
ronment, Science, and Technology (MEST)— 
a whopping 12-fold increase over 2007. “This 
is so much money that scientists may not [be 
able to] spend it all,” says science ministry 
senior adviser Devi Paudyal. 

Perhaps most remarkable is the source of 
the promised windfall: the Maoists, a group 
once labeled as terrorists that won the 
largest share of assembly seats in elections 
in April. In a manifesto published shortly 
before the election, the Maoists declared 
that “Without science, a country cannot 
develop.” Before launching a bloody, 
decade-long insurgency, the group’s leader, 
Prachanda, had earned a degree in agricul- 
tural science from the Institute of Agricul- 
ture and Animal Science in Rampur and 
taught science in a prep school. 

Some in Nepal’s tiny scientific commu- 
nity are cautiously optimistic. “Past govern- 
ments were not aware about the value of sci- 
ence,” says botanist Dayananda Bajracharya, 
a science adviser to Girija Koirala, the cur- 
rent prime minister. “The new government 
has promised they will give more attention to 
science. Hopefully, they will keep their 
word.” Others say they will believe it when 
they see it. “Most of the political parties talk 
about these things, but when it comes to real- 


at the details of how to address it.’” 
Ofcourse, the details are supremely impor- 
tant. Within 24 hours of the vote, for example, 

10 Democratic senators who supported ending 

debate said that the bill contained provisions 

that would have to be revised before they could 
8 vote for it. That's on top of dozens of amend- 
2 ments introduced by both sides of the aisle but 
never taken up by the Senate. “To be honest, 
we have a lot of work to do next year,” says an 
aide to one prominent Democrat. “We proba- 
bly have only 40-some votes, and we need 60 if 
we're ever going to pass something.” 

Getting to a cloture-proof majority may 
mean a lot of tinkering with the bill, agrees 
Daniel Lashof, director of the climate center 
at the Natural Resources Defense Council in 
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ity, the budget is always full,” says Pramod 
Jha, a botanist at Tribhuvan University in 
Kathmandu. 

Based on World Bank figures on research 
and development spending as a percentage of 
gross domestic product (GDP), Nepal ranks 


Science for the masses. Maoist leader Prachanda 
has promised a big boost for R&D in Nepal. 


behind the island nation of Mauritius as well 
as Burundi, the country with the world’s low- 
est per capita GDP. Nepal’s first university, 
Tribhuvan, opened its doors only in 1959, and 
the Nepal Academy of Science and Technol- 
ogy (NAST) was established in 1982. One 
restraint on scientific development is an 


Washington, D.C.; “Last week was the first 
time that the Senate had really focused on cli- 
mate legislation, and the amendments that 
people introduced showed their concerns 
about topics that we'll need to address.” He 
cited provisions to protect energy-intensive 
manufacturing processes such as steel that 
would face competition from companies not 
constrained by any carbon-trading system and 
low-income families hit hard by higher 
energy prices. 

Although a climate change bill is unlikely 
to return to the Senate agenda this year, Con- 
gress could still set the tone of next year’s 
debate, for example, by responding to the 
public outcry over $4-a-gallon gasoline. 
“They could go in the right or wrong direc- 


unchecked brain drain by Nepal's few rising 
science sta ys Bajracharya. 

The Maoists plan to bet heavily on biotech- 
nology, an area the previous government tried 
to nurture. Last year, NAST broke ground ona 
three-story biotech lab in Kathmandu that it 
hopes to complete by summer 2009; MEST 
plans to begin construction of a national 
Biotechnology Research and Development 
Center later this year. This fall, Tribhuvan, 
Nepal’s top university, will open a graduate 
program in biotechnology. 

These efforts are primarily intended to 
exploit Nepal's biological riches. Scientists 
here in recent years have launched programs to 
find medicinal plants and pinpoint active com- 
pounds. But with scant tools for molecular 
analyses, “we haven’t been able to do much,” 
says NAST Vice Chancellor Hom Bhattarai. 
“We want to get modern equipment.” 

With Nepal recently beset by gasoline and 
elec! shortages, a large portion of the 
supersized science budget will be devoted to 
research on clean energy, says Paudyal. One 
project the new government intends to fund is 
development of Jatropha curcas,a variety ofa 
shrub used for biofuel, which is better accli- 
mated to high altitude. 

In the long term, raising Nepal's science 
game will require reducing the country’s 
appalling 51% illiteracy rate—the 15th high- 
est in the world, according to the United 
Nations. “The public at large thinks science 
is too sophisticated for a country like Nepal,” 
says Bajracharya. It may take another (sci- 
ence) revolution to change that. -JERRY GUO 
Jerry Guo is a writer in New Haven, Connecticut. 


tion,” says Lashof, “by cither adopting a 
throwback response to drill our way out of 
high prices or by accelerating efforts to 
develop alternative fuels.” 

In fact, some advocates of sharp reductions 
in greenhouse gas emissions say that they are 
happy the Senate failed to act. “Certainly, we 
are much better off,” says James Hansen, 
director of NASA’s Goddard Institute for 
Space Studies in New York City, who regards 
the UCS petition as too mild and who favors a 
carbon tax that would be returned to the public. 
“Giving most of the money away to special 
interests ... is a terrible path to go down,” he 
says. Such policies risk triggering a taxpayer 
revolt, he says, which would derail any lasting 
solution to global warming. -JEFFREY MERVIS 
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Growing Pains for fMRI 


As the use of functional magnetic resonance imaging has exploded, 
some researchers say the field could use a dose of rigor. Will new 
experimental approaches come to the rescue? 


Last November, the op-ed page of the New 
York Times, which typically airs political 
controversies, managed to create one of its 
own, It published a column describing a 
study in which 20 undecided voters had their 
brain activity scanned by functional mag- 
netic resonance imaging (fMRI) while view- 
ing photographs and videos of the major 
candidates in the upcoming U.S. presidential 
election. The findings revealed “some voter 
impressions on which this election may well 
turn,” according to the authors, who 
included a political scientist, a neuroscien- 
tist, and several people affiliated with FKF 
Applied Research, a company based in 


Washington, D.C., that sells (MRI-based 
marketing studies. 

The column infuriated some neuroscien- 
tists and ignited an animated discussion in the 
imaging field. “It was really closer to astrol- 
ogy than it was to real science,” Russell 
Poldrack of the University of California, Los 
Angeles (UCLA), who drafted a letter to the 
newspaper that was signed by 16 other cogni- 
tive neuroscientists and published 3 days later. 
“It epitomized everything that a lot of us feel is 
wrong about where certain parts of the field 
are going, which is throw someone in a scan- 
ner and tell a story about it.” 

Since its introduction in the early 1990s, 


fMRI has transformed neuro- 
science, Now in its teenage years, 
the {MRI field is still experiencing 
growing pains. Some cognitive 
neuroscientists say they're frus- 
trated that many studies—includ- 
ing some of those that garner the 
most attention in the popular 
press—reveal little about the neu- 
ral mechanisms of human cogni- 
tion, “The problem right now with 
imaging is that doing experiments 
right is really, really hard, but get- 
ting pictures out is really, really 
easy,” says Steven Petersen, a vet- 
eran brain-imaging researcher at 
Washington University in St 
Louis, Missouri. 


At the same time, there are 
signs that the field is maturing, as 
researchers confront the limita- 
tions of fMRI. Such efforts 
include painstaking experiments 
that match human fMRI data with 
analogous fMRI data and electro 
physiological recordings of neural 
activity in monkeys, as well as 
new analytical methods capable of 
revealing information processing 
in the brain that would be impossi- 
ble to detect with standard meth- 
ods. “I think [these methods] are 
really going to revolutionize how 
we think about our data,” says Pol- 
drack. They also have the potential 
to introduce more rigor into {MRI 
research—something that’s badly 
needed, Poldrack says, otherwise, “people 
will start to see fMRI as neophrenology, just 
telling stories and not giving explanations.” 


Neuroimagers gone wild 
What irked Poldrack and others most about 
the Times’s op-ed was the way the autho 
inferred particular mental states from the 
activation of particular brain regions: Activ- 
ity in the anterior cingulate cortex indicated 
mixed feelings about Hillary Clinton, for 
example, whereas amygdala activation indi- 
cated “voter anxiety” about Republican can- 
didate Mitt Romney 

The basic problem, the objectors wrote in 
their letter, is that it's not possible to infer a 
particular mental state (such as anxiety) from 
the activation ofa particular brain region (such 
as the amygdala). Although it’s true that anxi- 
ety engages the amygdal: co-signer Eliz- 
abeth Phelps, a cognitive neuroscientist at 
New York University, so do intense smel 
sexually arousing images, and many other 
things. To conclude that Romney makes voters 
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anxious based on amygdala activation alone is 
unjustified, Phelps says. 

The neuroscientist co-author on the op-ed 
piece, Marco lacoboni of UCLA, stands by the 
column’s conclusions as reasonable and says 
he’s been surprised and stung by what he views 
as an overly harsh and hypocritical rebuke, 
After all, he points out, most of his critics use 
similar “reverse inferences” themselves. 

That's true, says Poldrack, and it’s a prob- 
lem the field needs to confront. He and oth- 
ers argue that reverse inferences are particu- 
larly common in newer fields such as social 
cognitive neuroscience and neuroeconomics 
(not to mention neuropolitics), fields in 
which researchers are still trying to identify 
the cognitive processes underlying the 
behaviors they study. As an example, Pol- 
drack points to a widely cited paper that used 
{MRI to investigate brain activity in subjects 
pondering moral dilemmas (Science, 14 
September 2001, p. 2105); some of the 
brain regions that lit up had been linked in 
previous studies to emotional and “rational” 
cognitive processes, and the authors con- 
cluded that these two types of processes are 
active, to different degrees, in different types 
of moral judgments. But the strength of such 
arguments hinges on how specifically a 
given brain area is linked to a given mental 
process. Poldrack points out, for example, 
that some of the “emotional” brain regions in 
the morality study have also been connected 
to memory and language—a caveat that is 
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Political blunder? The New York Times used this graphic, showing that U.S. presidential candidates Barack 
Obama and John McCain stimulated relatively little activity in the brains of undecided voters, to illustrate 
online a brain-imaging study published as an op-ed column last November, 


rarely mentioned in media coverage of 
the work (Science, 9 May, p. 734). 


Monkeying around 

The general public may be easily seduced by 
pretty images generated by fMRI (see sidebar, 
below), but even neuroscientists sometimes 
seem to fall under the spell and overlook the 
method’s limitations. One constraint is the nar- 
row sliver of the human experience that can be 
captured when a person has to keep his or her 
head still for long periods inside an {MRI scan- 
ner. Another is the resolution. Using {MRI to 
spy on neurons is something like using Cold 
War-era satellites to spy on people: Only 
large-scale activity is visible. With standard 
{MRI equipment, the smallest cube of brain 


Few advances in neuroscience have generated as much public interest 
as the ability to see the human brain in action. The enthusiasm isn’t 
hard to understand. Methods such as functional magnetic resonance 
imaging (fMRI) have enabled researchers to bring distinctly human 
attributes—tove, faith, morality—under scientific scrutiny. 

But the images generated by such methods may have a power to cap- 


tivate that reaches beyond their power to explain. Psychologists David McCabe of Colorado State 
University in Fort Collins and Alan Castel of the University of California, Los Angeles, recently asked 
156 undergraduate students to evaluate several mock news articles describing brain-imaging stud- 
ies. But the research each described was bogus. One study, for instance, reached the dubious con- 
clusion that because watching television and doing arithmetic problems both activate the temporal 
lobes of the brain, watching television improves arithmetic abilities. 

Students saw one of three versions of each article: the text alone, the text plus an fMRI image 
depicting activity in part of the brain, or the text plus a bar chart summarizing the fMRI result. 
Those who saw the brain image rated the scientific reasoning in the article as more compelling 
than did the others even though the images themselves added no relevant information, McCabe 
and Castel reported in the April issue of Cognition. 

People seem to believe that images of brain activity make a behavioral observation more 
real, says bioethicist Eric Racine of the Institut de Recherches Cliniques de Montréal in Canada. 
Racine calls this effect “neurorealism” and says it’s often amplified by media coverage that over- 
simplifies research findings and glosses over caveats. In other words, don’t let the pretty colors 
fool you. You don’t need an fMRI scan to know that candy tastes good, pain feels bad, and tele- 
vision won't turn you into a genius at math. -G.M. 
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tissue that can be imaged is generally a few 
millimeters on a side. Each such “voxel” (a 
mashup of volume and pixel) contains millions 
of neurons. And although neurons can fire 
hundreds of impulses per second, the {MRI 
signal—which indicates an increase in 
oxygenated blood bringing energy to active 
neurons—develops sluggishly, over several 
seconds. This makes fMRI a crude tool for 
investigating how circuits of intricately con- 
nected neurons do the computational work of 
cognition and behavior, says Roger Tootell, a 
neuroscientist at Harvard University. “fMRI is 
really good for telling you where to look,” he 
says, “but I don’t think you can ever really 
come up with mechanisms.” 

Tootell is one of a handful of researchers 
trying to circumvent such obstacles by com- 
bining human fMRI with monkey experi- 
ments. The general idea, he explains, is to fol- 
low up on the human findings by using {MRI 
to identify analogous regions of the monkey 
brain and then record the activity of individual 
neurons there with microelectrodes, 

In some cases, single neuron recordings 
have confirmed fMRI findings. In 2006, 
Tootell and colleagues reported micro- 
electrode data showing that 97% of neurons in 
the monkey equivalent of the fusiform face 
area—a region of the temporal cortex that 
appears in human fMRI studies to respond 
selectively to images of faces—do indeed 
respond preferentially to faces (Science, 
3 February 2006, p. 670). But Tootell says that 
more recent human {MRI experiments his 
group has done suggest that neurons in an 
adjacent “place” region in the temporal cortex. 
respond preferentially to edges, not places per 
se. The researchers are planning monkey 
experiments to investigate the preferences of 
neurons in this region in greater detail. 

Such studies, he says, can also begin to 
reveal mechanisms of visual object processing 
in the brain, such as how “face” or “place” neu- 
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rons acquire their selectivity by combining 
inputs from low-level neurons that respond to 
simpler features such as texture, curvature, and 
the orientation of lines. “It’s a beautiful para- 
digm when you can bring it to bear,” Petersen 
says of the parallel human-monkey work. The 
drawback, he says, aside from the incredibly 
time-consuming experiments, is that it can’t be 
applied to study many types of cognition— 
language, for example. 


There's a pattern here 

A very different approach to overcoming 
some of {MRI's constraints comes from new 
analysis tools borrowed from machine- 


learning research. In a standard {MRI study, 
neuroscientists average together the {MRI 
activation for neighboring voxels. This aver- 
aging makes it easier to detect differences 


identified statistically distinct activity patterns 
elicited by each type of object. 

In 2005, two research teams published 
papers in Nature Neuroscience showing that 
similar methods made it possible to deter- 
mine the orientation of lines a subject was 
viewing based on {MRI activation in the pri- 
mary visual cortex, a feat previously thought 
impossible because neurons that share a pref- 
erence for lines of a particular orientation 
pack into columns narrower than a voxel. 
That got even more people interested, says 
Rajeev Raizada of Dartmouth, who organ- 
ized a session on these methods at an April 
meeting of the Cognitive Neuroscience Soci- 
ety in San Francisco, California. 

Raizada and others at the session presented 
a variety of new findings illustrating how this 
new analysis of {MRI data can reveal informa- 


A new analysis. Pattern classifiers can detect differences in the neural activity elicited by different 
stimuli such as speech sounds (middle: small colored dots represent the fMRI signal of individual vox- 
els) that would be averaged out in the conventional fMRI analysis (far right). 


between experimental conditions—viewing 
photos of faces versus places, for example— 
but it assumes that neurons from different 
voxels in the region of interest all behave the 
same way. That’s almost certainly not the case, 
says Nikolaus Kriegeskorte, a neuroscientist 
at the National Institute of Mental Health in 
Bethesda, Maryland. 

To sidestep this issue, Kriegeskorte and 
others have been working with statistical tools 
called multivariate pattern classifiers to take a 
finer grained look at brain activity that consid- 
ers patterns of activation across many individ- 
ual voxels without averaging. These methods 
shift the focus from trying to identify specific 
brain regions that are activated during a partic- 
ular task to trying to identify how the relevant 
information is processed in the brain. 

The first demonstration of this approach 
was a study by cognitive neuroscientist James 
Haxby, now at Dartmouth College (Science, 
28 September 2001, p. 2425). He and col- 
leagues monitored brain activity elicited by 
hundreds of images of various types of objects, 
including faces, cats, houses, and scissors, and 


tion processing in the brain that would be over- 
looked by conventional analyses. Raizada, for 
example, presented a study in which he and 
colleagues investigated {MRI responses to the 
sounds /ra/ and /la/ in the brains of 10 native 
English and 10 native Japanese speakers, The 
Japanese language does not distinguish 
between these sounds, and most native speak- 
ers can’t hear the difference. 

Inside the scanner, each subject listened 
to six variations of each /ra/ and /la/ while the 
researchers collected {MRI data for each 
variation. Using a pattern classifier, Raizada 
determined that English—but not Japan- 
ese—speakers exhibited distinct activity pat- 
terns in the right primary auditory cortex for 
/ra/ and /la/. In fact, subjects who were best 
able to distinguish the sounds had the most 
distinct activity patterns. Each sound is 
apparently represented by different pat- 
terns—but similar overall levels—of neural 
firing in the auditory cortex of English 
speakers, Raizada says, which explains why 
the conventional {MRI analysis can’t pick up 
this distinction, 


Other researchers are taking note of such 
findings. “This is an exciting new direction,” 
says Adam Aron, a cognitive neuroscientist at 
the University of California, San Diego. 
“Instead of looking at whether this or that 
brain region is activated, now you're talking 
about whether the activity in many different 
voxels can predict what people are seeing or 
hearing.” Poldrack predicts that classifiers 
will help rescue researchers from the logical 
perils of reverse inference. Instead of infer- 
ring that a photo of Mitt Romney induces 
anxiety, for example, researchers could col- 
lect patterns of brain activity evoked by 
known anxiety inducers (photos of spiders, 
snakes, and hypodermic needles, perhaps) 
and see whether the pattern Romney elicits is 
a statistical match. 


An expanding toolbox 

Yet even with the promise of these new tools, 
fMRI remains limited to revealing correlations 
between cognitive processes and activity in the 
brain. “The way to use it well is as one tool ina 
toolbox, as a way of testing hypotheses where 
you have converging techniques and evi- 
dence,” says Aron. 

To that end, growing numbers of neuro- 
scientists are using {MRI and related methods 
to investigate the connectivity between differ- 
ent brain regions involved in cognitive func- 
tions such as language and memory. One 
fMRI approach is to identify brain regions 
whose activity is synchronized when subjects 
perform a given task. In some cases, 
researchers are probing further to determine if 
those areas that fire together are physically 
wired together, using a relatively new MRI 
method called diffusion tensor imaging that 
can visualize the axon tracts that connect 
regions in the living human brain. 

Others are trying to establish causal links 
between brain and behavior. Having linked a 
brain region to a particular behavior using 
fMRI, for example, some researchers are fol- 
lowing up with transcranial magnetic stimu- 
lation experiments in which focused mag- 
netic fields noninvasively and temporarily 
disrupt neural activity in that region. If the 
behavior is then altered, the region must play 
arole in controlling it. 

With such a convergence of methods and 
other advances, perhaps one day it will even 
be possible to divine the intentions of unde- 
cided voters. But that day does not seem near 


at hand. In the Times op-ed piece, the authors; 
reported that their scans indicated that voters! 
were “unengaged” with two candidates in par- 
ticular, Barack Obama and John McCain, ; 


ironically, the two men now battling for the 
US. presidency. GREG MILLER 
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India’s Education Bonanza 
Instills Hope—and Concern 


The government of India is embarking on a major expansion of its higher education 
system. But is quantity being substituted for quality? 


NEW DELHI—Indian higher educa- 
tion is in a funk. Too few institu- 
tions serve too few students, and 
there are too few professors to 
teach them. To remedy this, the 
government has unveiled an ambi- 
tious plan that would vastly expand 
access to higher education. Later 
this month, as a first step, three new 
Indian Institutes of Technology 
(IIT) will join the country’s vaunted 
network of science universities; 
three more will follow in the com- 
ing weeks. 

Over the next 5 years, India 
plans to invest $21 billion on 
higher education, a whopping 
ninefold increase over the previous 
5 years. “Our government is com- 
mitted to investing more, much 
more, in education, especially sci- 
ence education,” Prime Minister 
Manmohan Singh said last January 
when he announced the initiative. 
Bricks and mortar are a high prior- 
ity: The government intends to 
open eight IITs—six this year and 


By the Numbers: Education for All? 


India plans to open 90 higher education 
institutions in the next 5 years: 


NEWSFOCL 


Inspired Research, | million students bound 
for university over the next 5 years will 
receive $125 scholarships simply as a reward 
for considering a future career in science. 
Another initiative, Scholarships for Higher 
Education, plans to hand out 10,000 scholar- 
ships each year, worth $2200 apiece, to tal- 
ented students to enroll in bachelor’s and 
master’s science courses. “We must make 
science a preferred discipline of study for our 
students,” Singh said. 

A key question is who will teach the 
throngs of new students. The 16 centrally 
funded Indian universities are already facing a 
shortfall of nearly 2000 teachers, and IIT has 
about 900 vacant faculty posts. According to 
the All India Council for Technical Education, 
almost a third of faculty positions in academia 
are unfilled. “Teaching is no longer a glam- 
orous profession,” laments chemist Man 
Mohan Sharma of the University Institute of 
Chemical Technology in Mumbai. Entry-level 
industry jobs command salaries that are three 
times higher than those of tenured faculty. 
“Scholarly habits are dying,” says Sharma. 
That poses a conundrum as India’s higher edu- 
cation system grows. “I don’t know from 
where quality faculty would come to teach in 
these new institutions,” says J. S. Rajput, for- 
mer director of the National Council of Educa- 
tion Research and Training in New Delhi. 

For that reason, some eminent outsiders 
are urging India to 
proceed with caution. 
“Don’t do it too fast. 
Institutes are limited 
by the few good peo- 


two later on—as well as 82 other 
institutions (see box), “All this 
marks a quantum leap in the infra- 
structure available for good-quality 
teaching and research,” Singh said. 


Science for the masses. India’s plan to 
boost education should make scenes 
like this biotechnology class at Guru 
Gobind Singh Indraprastha University 
in New Delhi more common. 


+ Indian Institutes of Technology (8) 

+ Indian Institutes of Management (7) 

+ Central universities (30) 

+ Indian Institutes of Science Education and 
Research (5) 


= Indian Institutes of Information Technology (20) 


+ National Institutes of Technology (20) 


ple who need to be 
nurtured,” says David 
Baltimore, a Nobel 
laureate at the Califor- 
nia Institute of Tech- 


Other elements include an expansion of schol- 
arship programs and higher pay. Graduate stu- 
dents will receive a 50% hike in their living 
stipends to $300 a month, and research associ- 
ates are getting a 33% salary boost to $400 a 
month. “A long-felt legitimate need has been 
met,” says science minister Kapil Sibal. 

But some observers worry that India is 
moving too fast and that as a result quality 
will inevitably suffer. This year’s crop of six 
IITs will increase the number of these elite 
institutions to 13. Asa sign of how quickly 
the government is moving, the new IITs, 
based in Patna, Medak, and in the states of 
Gujarat, Orissa, Punjab, and Rajasthan, will 
work out of makeshift campuses at existing 
universities until permanent facilities open 
in coming years. 

India has 378 universities and 18,064 col- 
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leges, and among men 
and women ages 17 to 
22, the enrollment rate has increased from less 
than 1% in 1950 to about 10%, or 11.2 million 
young people, in 2007, according to the Uni- 
Grants Commission (UGC) in New 
Delhi. Despite the gains, experts agree that 
India is underserved, “No country has been 
able to become an economically advanced 
country if its enrollment ratio in higher educa- 
tion has been less than 20%,” says UGC Chair 
Sukhadeo Thorat. (The gross enrollment rate 
in the United States and Canada is about 60%.) 
“Higher education is not serving the cause of 
young people of India,” says Arjun Singh, min- 
ister for human resource development. 

Part of the cure is to steer more young 
people into science. Under a new program 
called Innovation in Science Pursuit for 


nology in Pasadena, 
who earlier this year 
toured Indian labs. He suggests that India 
“build a couple of really fine institutions” over 
a few decades. P. V. Indiresan, former director 
's that view: “Over- 
expansion of university education cheapens 
it” It seems, Indiresan says, that India “prefers 
large quantity with bad quality rather than a 
small quantity of high quality.” 

Going slow was never an option, says Sam 
Pitroda, chair of the National Knowledge 
Commission in New Delhi, which advises 
India’s prime minister. “There is still resistance 
at various levels in the government to new 
ideas, experimentation.” he says. That means, 
for now, that it is full steam ahead for India’s 
education expansion. 

-PALLAVA BAGLA 
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COMBATING TERRORISM 


New Efforts to Detect Explosives 
Require Advances on Many Fronts 


A boost in government funding is stimulating research on new ways to stop terrorists 


before they strike in public places 


The four young men who walked into the 
Luton railway station outside London with 
backpacks on their shoulders on the morning 
of 7 July 2005 looked like students on their 
way to college. They turned out to be suicide 
bombers. Between 8:50 and 9:47 a.m., they 
triggered explosions inside subway trains in 
London and on a double-decker bus that 
killed 52 commuters. Their weapon of choice 
was an organic explosive concocted from eas- 
ily available chemicals. 

The previous year, in Madrid, terrorists 
had used cell phones to detonate bombs that 
killed 191 people on four tra inci. 
dents are a grim reminder that 
impossible to detect explosives 
bombers from a distance. In addition, detec- 
tion methods now in use at airports and 
checkpoints, including metal detectors, x-ray 
screening of baggage, and mass spectrometry 
of swabs taken from suspicious bags and 
individuals, are woefully inadequate. 

Faced with the ongoing threat from such 
improvised explosive devices (IEDs)—the 
notorious weapons of choice in Iraq and 
Afghanistan—governments around the 


world have stepped up efforts to detect them 
before they wreak havoc in crowded sub- 
ways, stadiums, shopping malls, and other 
public settings. Last year, the U.S. National 
Science Foundation (NSF) awarded $20 mil- 
lion for basic research on sensors, imaging 
tools, surveillance systems, and other tech- 
niques to detect explosives. And in Febru- 
ary, the University of Rhode Island (URI) in 
Kingston and Northeastern University in 
Boston, cach received the first $2 million of 
what could be $12 million grants from the 
Department of Homeland Security (DHS) 
to create centers on explosives detection. 
“We need to engage the academic commu- 
nity more fully to tackle the IED problem,” 
says Douglas Bauer, program manager for 
explosives research at DHS’s science and 
technology directorate. 

The new approaches include sensors to 
pick up the faintest whiff of explosives in the 
air; imaging tools to detect, from afar, a bomb 
strapped to a person’s body; and software to 
sift through video surveillance for suspicious 
behavior. The diversity is intentional. 
“There’s not going to be a silver bullet,” 


Under the radar. The four London bombers were 
caught on a surveillance camera as they entered a 
train station in July 2005. 


warns Michael Silevitch, an electrical engi- 
neer at Northeastern who co-directs the new 
DHS center, 


Better sensors 

When security personnel at airports want to 
check a bag for explosives, they perform a 
quick chemical analysis by wiping the 
bag with a swab and running the swab 
through a spectrometer. A team led by 
chemist Vinayak Dravid at Northwestern 
University in Evanston, Illinois, hopes to 
make such chemical sensing of explosives 
ubiquitous and automatic. In a 2006 Science 
paper (17 March 2006, p. 1592), Dravid and 
his colleagues showed that a device made by 
attaching a microcantilever beam to a transis- 
tor base can work as a biological sensor, The 
targeted biological molecules bind to recep- 
tor molecules coated on the cantilever’s sur- 
face and cause it to bend. The stress from the 
bending is transmitted to the cantilever’s 
base, where it dampens the mobility of elec- 
trons in the transistor and reduces the flow of 
current. The change in current signals that 
the biological entity has been sensed. Dravid 
and his colleagues want to use the same prin- 
ciple to detect vapors of explosive com- 
pounds in the air by coating the cantilever 
beam with a film that selectively absorbs 
molecules of explosives such as TNT. 

Researchers have already developed such 
films from molecules such as thiosalicylic 
acid, which shows partial selectivity for 
TNT. One idea is to shoot a current through 
the beam to ignite a miniexplosion of a TNT 
molecule on the surface, which would 
deflect it and reduce the transistor current 
momentarily. Another idea is to shine differ- 
ent frequencies of infrared radiation on the 
cantilever; it would bend only at the fre- 
quency absorbed by the explosive. The 
resulting drop in current would alert author- 
ities to a potential threat. 

Dravid envisions a sensor system with 
arrays of cantilevers that sense the same 
explosive molecule through these different 
mechanisms. “Ifall of them got triggered, you 
could be reasonably certain that the explosive 


was in the environment,” says Dravid. Such a_ 


system could be installed in the ceiling of a 
subway station or an auditorium and con- 
nected wirelessly to the nearest police station. 

Researchers at Johns Hopkins University 
(JHU) in Baltimore, Maryland, are trying 
another chemistry-based approach, using 
semiconducting polymer films that have 
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pores shaped to allow explosive molecules to 
embed in them in the same way a key fits into 
a lock. As the explosive molecules get lodged 
in the polymer, its conductivity goes up. “The 
big advantage is that this could be deployed 
ona wide scale ata low cost,” says JHU chem- 
ical engineer Howard Katz, co—principal 
investigator of the project. Katz imagines lin- 
ing the walls of airports and subways with the 
polymer, which would transmit alarm signals 
to. a computer monitored by security officials. 

Neither approach has been tested, and 
Katz and Dravid are still far from building a 
prototype. Because the vapor pressure of 
many explosive compounds is very low, any 
device must ensure that air samples delivered 
to the sensor contain a sufficiently high con- 
centration of whatever explosive molecules 
have been detected. 

Another approach to finding explosions is 
to pick out their molecular signatures from 
afar. Xi-Cheng Zhang, an electrical engineer 
at Rensselaer Polytechnic Institute in Troy, 
New York, thinks that terahertz (THz) beams 
might be the answer. 

THz radiation lies between the infrared 
and microwave parts of the electromagnetic 
spectrum and can pass through barriers such 
as clothing and plastic without being a health 
hazard. In recent years, some airports have 
begun testing THz imaging systems to look 
for concealed weapons on airline passengers. 
Researchers have also found that most explo- 
sive molecules absorb THz radiation at 
frequencies between 0.5 to 1.0 THz, so explo- 
sives stand out in reflected THz beams. 
Zhang and his colleagues, including North- 
eastern’s Silevitch, are hoping to exploit this 
property to detect explosives from distances 
of 100 meters or more. 

Silevitch’s goal is to “find a suicide 
bomber standing a football field away from 
us,” a distance that would give security forces 
time to act. One fundamental problem is that 
water vapor in the air degrades THz signe 
the frequency useful for detecting explosives. 
So far, Zhang says, he and his colleagues have 
demonstrated the concept at distances rang- 
ing from 3 to 30 meters, the latter on a cold, 
dry winter day that offered ideal conditions 
for the technology. In experiments under 
more humid conditions, the detectable range 
dropped to less than 10 meters. 

Long-range detection of explosives 
would make security at airports and other 
venues much less intrusive, says URI 
chemist Jimmie Oxley, co-director of the 
DHS center. “Our vision for airports is to g0 
back to the past, when there were no check- 
points,” she says. “You would be scanned, but 
you would not know it.” 
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Outsmarting the terrorists 
Researchers must also cope with the ever- 
changing nature of the threat. In recent years, 
security officials have been alarmed by the 
increasing use of homemade explosives such 
as triacetone triperoxide (TATP) and hexa- 
methylene triperoxide diamine, which were 
used in the London bombings, Richard Reid, 
the man who tried unsuccessfully to set off 
an explosive in his shoe onboard a 2001 
American Airlines flight from Paris to 
Miami, intended to use TATP as his detonat- 
ing charge to set off another, more conven- 
tional, explosive. 

Derived from ingredients such as acetone 
and hydrogen peroxide, TATP is easy to con- 
coct. “With $17 worth of chemicals from the 


“poly 
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detect these materials. But officials say better 
and cheaper detection tools are needed. 

Oxley and others have been working with 
DHS to update the list of organic compounds 
that terrorists could form into explosives. 
“Anticipating the next material is one of our 
goals,” she says. “The hard part is to deter- 
mine when an innocuous but energetic mate- 
rial can become detonable. It’s usually a mat- 
ter of scale.” Oxley hopes to determine that 
threshold for a number of compounds, 

At the Naval Postgraduate School in 
Monterey, California, computer scientist 
Neil Rowe and his colleagues are hoping to 
work on another approach: detecting terror- 
ists before they strike by developing software 
to identify suspicious behaviors in video 


Sniffing a hazard, Security officials say using dogs 


to search for explosives is not good enough. 


department store, you can make enough 
TATP to bring down a Boeing 747,” says 
Ehud Keinan, a chemist at Technion-Israel 
Institute of Technology in Haifa who has 
studied TATP for 2 decades. Conventional 
explosives such as TNT, by contrast, are 
harder to manufacture and, thus, are typically 
stolen from military arsenals or purchased on 
the black market. 

Peroxide-based explosives present a novel 
challenge for security agencies. Unlike con- 
ventional explosives made from nitrates, 
TATP has a low molecular weight, which 
makes it difficult to detect with standard mass 
spectrometry. Police and airport authorities 
have begun training dogs to sniff out TATP. 
Some airports are now equipped with ion 
mobility spectrometers, which can detect 
peroxide-based explosives from swabs. And 
some companies, including one owned by 
Keinan, are selling devices specifically to 


feeds. In one experiment, the researchers 
instructed volunteers to a spiciously in a 
parking lot, for example, by leaving a box 
outside a car. A software program tried to 
spot these anomalous activities by analyzing 
factors such as a sudden acceleration in a 
Person's s movement, indicating flight from a 
. The software correctly flagged 
s of the target behaviors observed 
by surveillance cameras. 

Rowe acknowledges that deploying such a 
system could yield an unacceptably high num- 
ber of false positives and that knowing how a 
suicide bomber might behave in anticipation of 
anattack is still a distant goal. “You have to look 
for a number of subtle clues,” he says. But a 
high failure rate doesn’t ruffle Bruce Hamilton, 
program director for NSF's explosives and 
related threats program. Blue-sky research, he 
says, is key to “tackling this horrible problem.” 

~YUDHIJIT BHATTACHARJEE 
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Call for Nominations for the 
AAAS International Scientific 
Cooperation Award 


The AAAS International Scientific Cooperation Award, presented 
at the AAAS Annual Meeting, February 2009 in Chicago, IL, 

is given to an individual or small group in the scientific and 
engineering community that has contributed substantially to 
the understanding or development of science or engineering 
across national boundaries. The award is open to all regardless 
of nationality or citizenship. Nominees must be living at the 
time of their nomination. The recipient receives US $5000 
award, a commemorative plaque, complimentary registration, 
and reimbursement for reasonable travel and hotel expenses. 
Please see our website for additional details: 
http://www.aaas.org /aboutaaas /awards /int/index.shtml 
Nominations should be typed and include the following: 

> nominator’s name, address, phone number 

nominee's name, title, institutional affiliation, address, 
phone number; two letters of support; curriculum vitae 

(3 page maximum); a summary statement (250 words) 
and a longer detailed statement of the actions for which 
the candidate is nominated; any documentation (books, 
articles, or other materials) illuminating the significance 
of the nominee’s achievement may also be submitted 


All materials become the property of AAAS. 

Completed nominations should be submitted to: 

Linda Stroud, AAAS International Office, Room 1113 

1200 New York Avenue, NW, Washington, DC 20005, USA, 
Fax: (202) 289-4958 


All materials must be received by September 1, 2008. 
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Biofuels: Waste Not Want Not 


THE REPORTS “LAND CLEARING AND THE BIOFUEL CARBON DEBT" (J. FARGIONE ET AL., 29 
February, p. 1235) and “Use of US. croplands for biofuels increases greenhouse gases through 
emissions from land-use change” (T. Searchinger er al., 29 February, p. 1238) underscore the 
sobering reality that producing biofuels from edible crops will drive agricultural expansion, 
which could negate greenhouse gas (GHG) savings brought about by substituting biofuels for 
gasoline or result in net GHG emissions. 

Other recent studies also highlight potential environmental impacts of producing food 
crop-based biofuels (/—4). Nevertheless, many scientists remain optimistic that with techno- 
logical advancements (such as lignocellulose-to- 
ethanol conversion), there are real opportunities in 
generating biofuel energy from waste biomass (3). 

Singapore is a small (~700 km?) tropical island in 
Southeast Asia with few natural resources. It relies 
heavily on imports of fossil fuels to meet its energy 
demands. This island nation ranks 20th in the world in 
terms of per capita carbon dioxide emissions (5), and 
it serves as an ideal case study to demonstrate the 
potential of using cellulosic wastes to supply a city’s 
energy demands and reduce 


is GHG emiss s 
Singapore’s urban areas are home to about | million 
planted trees, which produce 50,000 to 156,000 tons 
of horticultural waste biomass (tree trunks, twigs, and 
leaves) each year (6). A recent study estimates that 
each ton of woody biomass feedstock can produce 
288 to 371 liters of cellulosic ethanol (7). This trans- 
lates to between 14 and 58 million liters of ethanol 
fuel that can potentially be produced annually from 
Singapore's horticultural wastes, which can displace 1.6 to 6.5% of the city’s transport gasoline 
demand (888 million liters) (8). Furthermore, recent studies estimate that use of cellulosic 
ethanol can reduce GHG emissions by 70 to 90% compared with conventional gasoline (9). 
Our analysis suggests that biofuel produced from horticultural w: n offset part of a 
city’s energy needs. To realize the potential of biofuels as a petroleum alternative, we need to 
both expedite the development of new biofuel technologies and diversify the portfolio of bio- 
fuel feedstock: 


Urban trees. Horticultural waste biomass 
from Singapore's planted trees could help 
offset the nation’s fossil fuel consumption. 
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Biofuels: Too Soon to 
Give Up 


BIOFUELS ARE ESSENTIAL TO REDUCING OUR 
reliance on foreign oil and reducing green- 
house gas emissions. The recent Report by J. 
Fargione et al. (“Land clearing and the biofuel 
carbon debt,” 29 February, p. 1235) claims that 
we need to be careful to avoid unintended con- 
sequences of biofuels. The accompanying 
Report by T, Searchinger et al. (“Use of US. 
croplands for biofuels increases greenhouse 
gases through emissions from land-use change.” 
29 February, p. 1238) adds that increased use of 
biofuels will actually increase carbon dioxide 
emissions because of deforestation and a sud- 
den and major shift in land use. 

Although there has been substantial rebut- 
tal to the assumptions in the two Reports (/, 2), 
these studies do highlight the need for a com- 
prehensive analysis of the effects of biofuel 
production. Fortunately, new efforts are under 
way to address this issue. The Intergovern- 
mental Panel on Climate Change will produce 
a comprehensive Special Report on the GHG 
Mitigation Potential of Renewable Energy. 
Also, the U.S. Department of Energy's Office 
of Energy Efficiency and Renewable Energy 
and its national labs are committed to sustai 
ability and have been addr issues, 
including a comprehensive life-cycle analysis 
of large-volume production of biofuel by the 
National Renewable Energy Laboratory, which 
will be vetted by leading scientists in the 
United States and around the world. 

There is significant potential for second- 
generation biofuels to reduce carbon emissions 
when compared to first-generation biofuels 
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technologies. However, the challenge to our 
nation in reducing our dependence on foreign 
oil is too great to abandon first-generation tech- 
nology for fear of unintended consequences; 
instead, we must learn from comprehensive 
life-cycle analyses how to avoid those conse- 
quences as the biofuels market evolves. 

DAN ARVIZU 
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Biofuels: Think Outside 
the Cornfield 


THE REPORT BY T. SEARCHINGER E&7 AL. 
(“Use of U.S. croplands for biofuels increases 
greenhouse gases through emissions from 


land-use change,” 29 February, p. 1238) adds 
to the growing concerns regarding the inade- 
quacies and risks associated with corn bio- 
fuels [e.g., (/)]. The study correctly points out, 
as does the Report by J. Fargione er al. (“Land 
clearing and the biofuel carbon debt,” 29 
February, p. 1235), that the conversion of 
many types of natural landscapes to grow corn 
for feedstock is likely to create substantial 
carbon emissions that will exacerbate global 
warming. Because of the potential problems 
with corn-based biofuels, it is useful to con- 
sider other alternatives. 

One example is switchgrass, which grows 
well on marginal lands that are not well suited 
to corn or many other grains (2). Switchgrass 
would have another advantage: It is a self- 
seeding crop, which means farmers would not 
have to plant and reseed after harvesting. 

Another alternative biofuel feedstock is 
wood from sustainably managed forests, which 
are common in much of the world today. These 
forests, managed for growth and renewability, 
are an increasing source of traditional industrial 
wood (3). As with grasses, trees can grow readily 
on land unsuitable for corn and grains. Further- 
more, the wood is drawn from the incremental 


growth ofa forest, thereby leaving the basic for- 
est system and its carbon intact. Wood feed- 
stock could be drawn from existing sources or 
from additional forests planted on marginal 
agricultural land without compromising the 
basic sustainable forest system, releasing sub- 
stantial volumes of carbon, or utilizing high- 
quality crop lands (4). Moreover, infrastructure 
systems are currently in place, allowing wood 
to be harvested and transported. 

Unlike corn and most grains, studies show 
that biofuels from grasses and wood have 
large net GHG gas savings. Indeed, grasses 
and trees enhance the ability of land to capture 
carbon through biomass and soils (5). 

ROGER A, SEDJO 
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Resource Ecology Laboratory, and the U.S. Department of 
Agriculture, Agricultural Research Service, 2007); 
http:/Inewsinfo.colostate.edu/index.asp?url=news_item_ 
display&news_item_id=11182593. 


Biofuels: Putting Current 
Practices in Perspective 


WE HAVE THREE COMMENTS REGARDING THE 
Report on the carbon debt of biofuels by 
J. Fargione er al. (“Land clearing and the 
biofuel carbon debt,” 29 February, p. 1235). 

First, the argument that converting land 
from permanent vegetation to biomass has 
detrimental environmental effects has to be 
tempered by the fact that, globally, relatively 
little land is used for biofuels. Biofuels cur- 
rently cover about 10 million hectares (/) out 
of a total cropping land area of 1.5 billion 
hectares and a total pasture area of 4.5 billion 
hectares. In addition, the total greenhouse gas 
debt—composed of CO,, CH,, and N,O 
emissions—caused by biofuel primary pro- 
duction is small compared with the debt asso- 
ciated with the 26% of the ice-free global ter- 
restrial surface given over to animal grazing 
and the 33% of arable land used to produce 


animal feed. More than 60% of global wheat, 
barley, and maize and more than 90% of soy- 
bean production is used as animal feed (2). 
Second, land clearance combined with 
existing agricultural practice and fuel conver- 
sion technologies is the worst possible scenario 
for biomass. Growing crops for energy requires 
new thinking about crops and agricultural sys- 
tems. The food crop “ideotype” (3)—devel- 
oped to have a short stem, small erect leaves, 
and high C and N harvest indices—was the 
model plant of the green food revolution of the 
1960s. Biomass for energy, harvested for its 
carbon and not for its nitrogen (protein) con- 
tent, requires a different ideotype. A long grow- 
ing season is necessary, as is large leaf size to 
compete against weeds. Fungal disease resist- 
ance should be multigenic, and mixed cultivar 
plantings should be encouraged. Perenniality 
rather than an annual habit would also confer 
advantages in reducing crop establishment 
energy costs and emissions of CH, and NO,. 
Biomass crops intended for fermentation re- 
quire high concentrations of low molecular 
weight carbohydrates, in order to reduce energy 
inputs. Low N fertilizer inputs and high N use 
efficiency are desirable biomass properties for 
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low emissions of N,O (4), the major green- 
house gas of cereal food crops. 

Third, biomass energy production re- 
quires plantings, rotations, and management 
that generate ecosystem services such as 
carbon sequestration, pollination, and bio- 
diversity conservation as well as primary 
food production (5). 

JOHN R. PORTER," NGONIDZASHE CHIRINDA,? 
CLAUS FELBY,? JORGEN E. OLESEN? 
‘Faculty of Life Sciences, University of Copenhagen, 1870 


Frederiksberg, Denmark. *Det Jordbrugsvidenskabelige 
Fakultet, Arhus Universitet, 8830 Tjele, Denmark, 
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Response 

PORTER ETAL. CONTEND THAT THE TOTAL LAND 
area currently devoted to biofuel production is 
insufficient for the CO, released by land use 
change to be meaningful on a global scale. 
The focus of our paper was not on the current 
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magnitude of global greenhouse gas emis- 
sions from land clearing for biofuels, but on 
what would happen to CO, release if biofuel 
production were to expand greatly by using 
newly cleared lands. The amount of land ded- 
icated to biofuel production is increasing rap- 
idly (/, 2). Current biofuel land clearing emis- 
sions may not yet be a major contributor to 
global agricultural GHG emissions, but that is 
poor justification for letting them become so. 
Similarly, we agree that crop production for 
animal feed already contributes substantially 
to GHG emissions, but we do not see this as 
grounds to develop biofuels that do the same. 
Porter ef al, then suggest that biofuel crops 
should be improved to increase yield and 
therefore the fossil fuel offset per hectare. We 
agree that perennial crops will be essential for 
the future of sustainable biofuels. Indeed, this 
has been a central focus of the emerging bio- 
fuel industry for decades (3-6) and was a 
main point of our Report. However, opportu- 
nities for biofuel and bioenergy production 
extend beyond dedicated biofuel crops to 
include waste biomass and algae. The agro- 
nomic approaches suggested by Porter et al. 
must still account for possible impact on land 


clearing and should be compared against 
alternative methods of production that do not 
cause land clearing. 

Finally, Porter et al. advocate considera- 
tion of eco: 
biomass 
echoes similar calls we have made for opti- 


stem services as a part of the 


cropping system, We concur. This 


mizing the value of ecosystem services tha 
can be provided by well-designed food and 
biomass cropping systems (4, 7-9). 
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CORRECTIONS AND CLARIFICATIONS 

Editors’ Choice: “Leave it to Mimi” (16 May, p. 850). The 
first author of the PLoS Biology study was Zauberman, not 
Zuberman. 
News Focus: “The roots of morality” by G. Miller (9 May, 
p. 734). Jordan Grafman’s affiliation was reported incor 
rectly. He is at the National Institute of Neurological 
Disorders and Stroke. 
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REGULATORY POLICY 


Reforming Cost-Benefit Calculations 


Orrin H. Pilkey 


and Michael Livermore take a long, hard, 

and skeptical look at the issue of cost-bene- 
fit ratio analysis as it is used to shape the United 
States’ regulatory policies. They argue that the 
present approach to cost-benefit ratios is biased 
against regulation. As a result, worthwhile reg- 
ulations, especially those concerned with envi- 
ronmental and health issues, often don’t pass 
muster or are diluted beyond recognition. 

The cost-benefit ratios taken to task by 
Revesz (a professor at the New York Uni- 
versity School of Law) and Livermore (a law 
clerk at the U.S. Court of Appeals for the 
D.C. Circuit) are not the more widely familiar 
ones pursued by government agencies before 
approving a project. | ama veteran of decades 
of evaluating cost-benefit ratios prepar- 
ed by the U.S. Army Corps of 
Engineers for coastal projects, 
and I would argue that these too 
should be reproved. For example, 
‘one common analysis requires 
predicting the lifespan of artifi- 
cial beaches, a hopeless exercise 
that requires knowledge of when 
the next big storm will occur. 

Cost-benefit ratios became a 
fixture of American government 
during the Reagan Adminis- 
tration, as part of its vilification 
of government inefficiency and 
in response to perceived runaway 
government overregulation. In 
the eyes of pro-regulators, the 
Office of Information and Reg- 
ulatory Affairs (the cost-benefit 
gatekeeper) became a black hole. 
Regulations went in but never came out—or 
so it was perceived—and cost-benefit ratios 
were in large part responsible. As a result, 
environmental, consumer, and labor interests 
became very skeptical of cost-benefit analy- 
In a process that can be likened to throw- 
ing the baby out with the bath, they abandoned 
the field of battle and chose other paths to 
argue for needed regulations. 

Revesz and Livermore contend that cost- 
benefit ratios, properly and fairly done, can be 
very useful tools and that the environmental 
community should rejoin the battle, They also 


I: Retaking Rationality, Richard Revesz 


The reviewer is at the Nicholas School of the Environment, 
103 Old Chemistry Building, Box 90227, Duke University, 
Durham, NC 27708, USA. E-mail: opilkey@duke.edu 
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note the great need for looking 
back to see how accurate the 
assumptions behind past cost- [ig 
benefit analyses have been. 

The authors summarize their 
concerns by recognizing eight 
fallacies that are often assumed 
in cost-benefit analysis of 
proposed regulations. Here, | 
touch on sound bites from five 
of them. 

Fallacy: All unintended con- 
sequences are bad. There is a 
strong tendency for anti-regula- 
tors to look only at negative collateral conse- 
quences, which systematically biases cost- 
benefit analysis against regulation. In 1992, a 
judge threw out the National Highway Traffic 


Oxford Ur 
New York, 2f 
262 pp. 
ISBN 978 


Safety Administration’s attempt to require 
increased fuel efficiencies on new cars be- 
cause it would encourage manufacture of 
smaller cars, which in turn would increase 
highway deaths. 

Ironically, in cost-benefit analyses by the 
Corps and other agencies, the opposite is the 
problem; negative consequences are down- 
played. The Mississippi River—Gulf Outlet 
channel leading from New Orleans to the sea 
contributed substantially to the flooding of the 
9th Ward in Hurricane Katrina. The storm 
surge effect was predicted before construction 
but ignored in the cost-benefit analysis. 

Fallacy: Older people are less valuable. 
How should we measure lives saved by regu- 
lations? One method now coming to the fore 


Retaking Rationality 


Dost-Be 
Analysis Can Better 
Protect the Environment 
and Our Health 


by Richard L. Revesz and 
Michael A. Livermore 


4.95, £18.99. 


(and replacing deaths-avoided calculations) is 
the life-years approach, The method is based 
on the fact that the death of a young person 
represents the loss of a greater amount of life- 
time than the death of an old 
person. If we were to apply the 
life-years approach to smog 
control, one could disregard 
the more smog-susceptible 
older population and look 
only at the benefits to 40- 
year-olds. Doing so, one cal- 
culates a large life-years bene- 
fit, which favors a regulation 
that allows a relatively high 
level of air pollution (to the 
detriment of the elderly). 

Fallacy: People cannotadapt. 
Quality-Adjusted Life Years 
(QALY) is a method for determining the 
benefits of medical procedures on the 
assumption that procedures that result in a 
higher quality of life should receive the high- 
est priority for public funding. QALYs are 
determined by asking healthy people how 
they view a given disability; for example, 
what is the quality of life of a person in a 
wheelchair? But this is neither fair nor accu- 
rate. How would a healthy person know? Most 
people adjust to their health problems, and 
many people in wheelchairs lead happy and 
productive lives. The dollar value of a QALY 
is of course unfathomable. 

Fallacy: Industry cannot adapt. In 1970, as 
vice-president of Ford Motors, Lee Iacocca 
proclaimed “the Clean Air Act could prevent 
continued production of automobiles ... 
[and] is a threat to the entire American econ- 
omy and to every person in America.” But 
industry adapted. 

Fallacy: People value only what they use. 
The principle that people may value some- 
thing even if they don’t use it is endangered. 
Exxon was forced to pay a lot of money for the 
oil spill in Prince William Sound, Alaska, even 
though most of us will never see the sound. 
However, in 2002 the Office of Management 
and Budget downgraded a forest preservation 
regulation by ignoring the existence value of 
ancient forests. 

Rather than offer concrete suggestions on 
what to do about the problems of cost-benefit 
analysis, Revesz and Livermore take a justice- 
should-prevail attitude. But education about 
the problems is a good first step. In that sense, 
Retaking Rationality is an important book: 
well written and providing abundant examples 
of the shortcomings of evaluating regulations 
with slanted cost-benefit analyses. 

10.1126/science,1159664 
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TELEVISION: SPACE 


Celebrating NASA's 
Voyages 


Jay M. Pasachoff 


celebration of NASA's success is 
A surely due in this, its 50th anniversary 
year, and in When We Left Earth the 
Discovery Channel provides a good one. 
NASA worked with the interestingly named 
Dangerous Films, a London studio, on the 
project. No quick survey, the series, through 
its six-part structure, provides space and time 
to show both the thrill of exploration and the 
history of progres: 
Although the series is advertised as high 
definition, in truth only the interviews with 
former astronauts and the flight director 
Chris Kraft were recorded in that format. 


The reviewer, co-author of The Cosmos: Astronomy in the 
New Millennium, is at Hopkins Observatory, Williams 
College, Williamstown, MA 01267, USA. E-mail: jay.m 
pasachoff@williams.edu 


Viewers who have made the switch to 
high-definition television will find these 
sequences contrast with the historical NASA 
footage, which has, however, been carefully 
and digitally remastered. On the old films, 
one can see the grain and the blurriness. But 
even on a big screen, those aspects didn’t 
matter, given the obvious care spent finding 
and cleaning the old footage. 

A preview that I attended at 
New York's American Museum of 
Natural History presented episode 

a about the 
Gemini missions. It was engross- 
ing, especially as one who remem- 
bers eagerly waiting for the space 
program’s progress, to follow 
the series of steps. Narrator Gary 
Sinise explained how new and 
challenging tasks were added to 
each mission—such as a space 
walk that was moved forward two 
missions from when it was origi- 
nally planned, in order to keep up 
with the Soviets. 

The remastered clips from 


The N. 


When We Left Earth 


Richard Dale and Bill 
Howard, Executive 
Producers 


NASA's film vaults are interspersed with 
interviews with former astronauts and others 
who played major roles in the American space 
program. These participants are all identified 
at one time or another, but unfortunately not 
necessarily at their first appearances, And 
then the identifications do not usually appear 
again, a minor annoyance. 

Notably one of the inter- 
viewees in the film is Neil 
Armstrong, whose absence 
from last year’s excellent the- 
atrical release /n the Shadow 
of the Moon (1) was obvious. 
Afier the screening, I asked 
Bill Howard, one of the exec- 
utive producers, how he man- 
aged to get the notoriously 
reclusive Armstrong to par- 
ticipate. Howard replied that 
it was simply persistence. He 
did admit that word presum- 
ably got around from other 
astronauts that the series was 
serious and worthy of his 
time. In addition to the inter- 
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Trees. A Visual Guide. Tony Rodd and Jennifer Stackhouse. University of 
California Press, Berkeley, 2008. 304 pp. $29.95. ISBN 9780520256507. 
Trees. The Macmillan Visual Guide. Pan Macmillan, Sydney, Australia. 
306 pp. AS45. ISBN 9781405038478. 

Despite difficulties in defining “tree,” there is general agreement about 
the features of the plants to which the word is applied. They are perennial, 
grow from the top, are typically tall (over 3 m for single-stemmed forms; 
over 6 m for multi-stemmed ones), and are usually woody. In this pictorial 
survey of the world of trees, horticulturalists Rodd and Stackhouse take an 
inclusive view. Besides those members of the dicotyledons, conifers, and 
ginkos that possess trunks having tissue laid down by cambium cells, the 
authors admit tall and long-lived cycads, palms, yuccas, cacti, and tree 
ferns. After discussing tree anatomy, growth, and adaptations to preda- 
tors and climate, they summarize the taxonomic diversity of trees and 


hightight 99 notable examples drawn from the more than 75,000 extant 
species. They also introduce important forest communities (such as the 
Nothofagus forest of southern South America, below), the many human 
uses of trees, and the invaluable roles trees play in shaping environments, 
atmosphere, and climate. 


The Tree. A Natural History of What Trees Are, How They Live, and Why 
They Matter. Colin Tudge. Crown, New York, 2007. 479 pp. $27.95, 
$36.95. ISBN 9781400050369. 

The Secret Life of Trees. How They Live and Why They Matter. Allen Lane, 
London, 2006. 454 pp. £20. ISBN 9780713996982. 

Aiming to promote a connoissseurship that combines knowledge and 
appreciation, Tudge weaves from his own encounters with trees around 
the world a thorough introduction to their biology, variety, and impor- 
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view, Armstrong appears in 
very interesting footage from 
his Gemini VII mission—in 
which he was in real danger 
when the spacecraft started 
twirling faster than a revolu- 
tion per second. 

After the premiere’s show- 
ing, Scott Carpenter, the fourth 
American in space (after Alan 
Shepard, Gus Grissom, and 
John Glenn) and second to 
orbit Earth, answered ques- 
tions from the stage. Now in 
his eighties, he is sanguine 
about the future of the space 
program even given NASA's 
current financial problems. But for him, 
apparently, the key point is that the space 
exploration now being discussed will be 
accomplished eventually rather than on some 
specific time scale. Responding to my men- 
tioning the 1960s space race with the Soviet 
Union, he suggested that the NASA budget 
might benefit if there was competition 
from China. 


into orbit. 


tance. He begins by defining his sub- 
ject as “a big plant with a stick up the 
middle.” After examining the prob- 
lems of identification, naming, and 
classification, he sketches key events 
in the evolution of trees and provides 
a short paean to wood. Tudge de- 
votes the book's central third to a 
family-by-family accounting of ex- 
tant trees. The author then turns to 
their lives: how they grow, repro- 
duce, and age; why they live where 
they do; and how they interact with 
predators, pollinators, symbionts, 
and one another. In the concluding 
“Trees and Us,” he promotes sustain- 
able agroforestry as a necessary 
response to the threats of deforesta- 
tion and climate change. 


Out of the Woods. The Armchair Guide to Trees. Will Cohu, illustrations 
by Mungo McCosh. Short Books, London, 2007. 272 pp. £14.99, $29.95. 


ISBN 9781904977834. 


In this far-from-typical guide to Britain's trees, Cohu studiously avoids 
botanical terminology and takes “literary licence with names through- 
out.” Instead, he offers readers a ramble through woodlands of oak and 
ash, past alders and birches lurking in lay-bys, and down city streets lined 
with cherries. Paying particular attention to leafless forms of winter trees 
and stressing characters (including smells) that make sense to the casual 
observer, he hopes to impart the “jizz” by which trees, like birds, may be 


Outward bound. Saturn V rock- 
ets carried the Apollo missions 


The series is being broad- 
cast as three sets of paired 
episodes. “Ordinary Supermen,” 
covering the start of the Ameri- 
can manned-space program 
and Project Mercury, aired along. 
with “Friends and Rivals” on 8 
June. “Landing the Eagle” (on 
developments through Apollo 
11’s lunar landing) and “A 
Home in Space” (presenting 
the subsequent moon jons 
through Apollo 17 and Skylab) 
will appear this coming Sun- 
day. The series concludes 22 
June with “The Shuttle” (from 
the early successes of the 
reusable, large-capacity vehicle to the tragic 
loss of Challenger) and “A New Space Age” 
(about the Hubble Space Telescope, its 
repair, and the International Space Station). 

If I were making movies to celebrate 
NASA’s 50th birthday, | would divide 
the material more evenly between crewed 
and uncrewed space exploration. We astron- 
omers tend to think more of NASA’s tri- 


rapidly identified. To help people love what they look at, he 
includes “biography and gossip.” The colloquial, sometimes 
poetic, text is accompanied by McCosh’s evocative woodcuts 
(such as “an old sweet chestnut” [Castanea sativa], left). 


The Great Cacti. Ethnobotany and Biogeography. David 
Yetman. University of Arizona Press, Tucson, 2008. 311 pp. 
$59.95. ISBN 9780816524310. Southwest Center Series. 
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umphs in its robotic missions: the Chandra 
x-ray, Spitzer infrared, and Compton 
gamma-ray observatories; Swift, which this 
year provided the first x-ray observations of 
a supernova at the moment of its eruption; 
planetary probes, including the current 
Cassini at Saturn, Huygens’s landing on 
Titan, Spirit and Opportunity still roving 
the surface of Mars, and now Phoenix (with 
its successful landing in a martian polar 
region); smaller, solar spacecraft such 
as the Transition Region and Coronal 
Explorer; and international collaborations 
on other proj 

Nonetheless, the six episodes provide 
enough fireworks for a delightful birthday 
celebration for NASA. The series and its 
accompanying online materials will reward 
viewers—including those too young to have 
watched robotic spacecraft and crew mem- 
bers take humanity’s first steps off the sur- 
face of Earth. 


References and Notes 
1. Reviewed by J. M. Pasachoff, Science 318, 752 (2007). 
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Although not considered 
trees by some, columnar cacti 
reach heights over 20 m. The 
circa 130 species are found 
in desert, arid scrubland, and 
tropical deciduous habitats 
from Arizona and Florida 
south to southern Argentina 
(right, Pachycereus weberi 
from Oaxaca, Mexico). Some 
occur as scattered individu- 
als, others can form impres- 
sive forests. They often flourish at inhos- 
pitable sites: steep slopes; dry, hot, or 
cold climates; rocky, barren, or salty 
soils. Many have been important to 
human cultures, providing food, shelter, 
medicines, and hallucinogens. Yetman 
gives especially detailed accounts for 
taxa from northwestern Mexico, where he 
has long worked among the Seris, Mayos, 
and Guarijios. 
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NUCLEAR WASTE 


Yucca Mountain Revisited 


Isaac J. Winograd* and Eugene H. Roseboom Jr. 


tury ago (/—3), we discussed the assets and 

liabilities of isolating high-level radioac- 
tive wastes (HLWs) (chiefly spent fuel from 
nuclear reactors) from the environment by 
burying them in areas with 
deep water tabl 
within the sever: 
meter-thick unsaturated zones 
common to the arid and semi- 
arid Southwest U.S.A. This 
idea—endorsed for further 
study by our colleagues at the 
US. Geological Survey and 
by scientists at Lawrence 
Berkeley Laboratory (4) and 
the US. Nuclear Regulatory 
Commission (5)—eventually 
led to identification of Yucca 
Mountain (YM) (see photo- 
graph) as a potential reposi- 
tory for HLWs. In the ensuing 
decades, a voluminous body 
of knowledge of the geology, 
hydrology, geochemistry, and 
paleoclimatology of YM and 


I n papers published over a quarter of a cen- 


the surrounding southern ie 
Great Basin wasacquiredand | N'VADA 
documented in hundreds of Mountain 
studies by federal, state, uni- . e 
versity, and industry scien- bs AF 
tists. As a result of these ee) 


efforts, this region is the best- 
characterized portion of the 
Great Basin, Despite this 
unprecedented body of earth 
science information (6, 7), 
YM remains controversial for 
storage (8) and possible ulti- 
mate disposal (8) of HLWs. 
With the benefit of hindsight, 
We examine several reasons for this outcome, 
two of which would apply to any site being con- 
sidered for the geologic isolation of HLWs, and 
suggest a potential way to move beyond the 
controversy. 

The idea of storing radioactive waste at YM 
was born into political controversy. In 1987, 
Congress, via an amendment to the Nuclear 
Waste Policy Act of 1982, selected YM from a 
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group of three previously identified potential 
repository sites, The 1982 Act had mandated 
detailed study of all three sites before selection 
of a finalist, a requirement dispensed with by 
the amendment. Not surprisingly, the Nuclear 


Sites in the United States at which spent nuclear fuel, other high-level radioactive 
waste, and/or surplus plutonium are stored at the surface. Yucca Mountain, NV, also shown, 


Waste Policy Amendments Act of 1987 
became known among Nevadans as the “screw 
Nevada bill.” That YM had been identified sev- 
eral years earlier as a potential repository solely 
on the strength of its technical attributes was 
thus irrevocably lost on the public who rightly 
resented the change in site-selection rules. 

A second factor contributing to the contro- 
versy is the nature of scientific and first-of-a- 
kind engineering endeavors. The more we 
learn about a given subject—especially one 
involving the interface of multiple disciplines 
over geologic time frames—the more complex 


Despite hundreds of studies and dozens of 
workshops and panels, Yucca Mountain 
remains controversial as a repository for 
radioactive wastes. 


it becomes. Another decade of study of 
YM will likely provide the data needed to 
some of the current questions about 
te, but probably will also introduce 
new questions, as well as un- 
carth surpri hus, there is 
unlikely to be complete 
closure. Nor will honest 
disagreements among scien- 
tists and engineers regarding 
some YM issues likely ever 
cease. This reality enables 
critics of this use of YM to 
ignore major attributes of the 
site while highlighting the 
unknowns and technical dis- 
putes for the press. Not sur- 
prisingly, the press, the pub- 
lic, and our elected officials 
are left with the impression 
ofa flawed site. 

A related matter is the 
quest for quantitative esti- 
mation of the environmental 
effects over geologic time 
frames. The U.S. Court of 
Appeals for the District of 
Columbia Circuit was aware 
that some of the radionu- 


(9) regarding time frames. 


On 9 July 2004, they ruled 


that the U.S, Environmental 
Protection Agency (USEPA) 
should revi: 


clides in HLWs have half- | 
lives of thousands to mil- | 
lions of years and followed | 
a recommendation of the ; 
National Research Council; 


its YM stan- | 
dard for permissible releases. | 


of radioactivity to the environment to encom- | 
pass a time frame of hundreds of thousands to | 


a million years. Before the court’s ruling, the | 


USEPA considered a 10,000-year time frame 
as an achievable requirement. Before the US. 
Department of Energy (USDOE) can obtain a 


license from the U.S. Nuclear Regulatory | 
Commission (USNRC) to operate YM, it will | 


have to demonstrate to the USNRC that this 
site complies with USEPA‘s revised standard. 


To demonstrate compliance, computer 


models have been constructed to simulate the 
interaction of all the geochemical, hydrogeo- 
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logic, and other geologic processes that are 
currently believed to control the release of 
radionuclides to the environment over the next 
several hundred thousand years. These “per- 
formance assessments” are invaluable tools 
for identifying poor to marginal sites, for pin- 
pointing key unknowns in a site deemed wor- 
thy of study, and for periodic evaluations of a 
site during repository construction and opera- 
tion, However, given the inherent impedi- 
ments to prediction in the earth and biological 
sciences (/0-15), such estimates of repository 
performance over the time frames mandated 
by the court's ruling are likely to be chal- 
lenged. This ruling, in our opinion, introduces 
a legal obstacle to geologic isolation of HLWs 
first proposed a half-century ago by the 
National Research Council (/6) of the U.S. 
National Academy of Sciences and repeatedly 
endorsed by international panels in subse- 
quent decades (/7). 

A third factor influencing the public’s 
adverse perceptions about YM is the belief 
that emplacement of HLWs underground pre- 
cludes their retrieval in the event of discovery 
of a major flaw with geologic isolation, a 
future decision to reprocess the spent fuel, or 
the future availability of a superior isolation 
scheme. However, this belief ignores one of 
the major attributes of YM for HLW isolation. 
The repository is to be constructed 300 meters 
above the water table within consolidated vol- 
canic strata, a physical setting that lends itself 
to retrieval and monitoring of the HLWs (3). 

Last, and hardly least, is the decades-old 
public opposition to a geologic repository, not 
only in Nevada and across the United States, 
but in Europe as well (/7, /8). This opposition 
stems from various concerns and/or agendas, 
including: fear of nuclear radiation; distrust of 
governmental and technical community 
assurances regarding safety; opposition to 
nuclear power; and various NIMBY (“not in 
my backyard”)-related issues (/7, 18). We 
suspect that even in the absence of technical 
questions regarding YM, it would still be 
‘opposed by segments of the public. 

In view of the above matters, it has been 
argued that HLWs should be stored at the sur- 
face, perhaps even fora century or two during 
which time better solutions may develop (/7). 
However, extended surface storage of the 
HLWs (presently about 60,000 metric tons) at 
72 commercial reactor sites—many adjacent 
to metropolitan areas and all next to rivers, 
lakes, or the ocean—introduces its own set of 
uncertainties. For example, what is the likeli- 
hood that more pressing future national prob- 
lems could cause final isolation of the HLWs 
to be postponed indefinitely? What is the 
probability that the funds for HLW disposal, 


now being generated by a surcharge on 
nuclear-generated electricity, will still be 
available a century in the future? In the event 
of accidents, sabotage, or a loss of institu- 
tional control, a variety of scenarios can be 
envisioned that would create environmental 
hazards greater than any that could result from 
emplacement of HLWs in an underground 
repository. In their analysis of the likelihood 
of future human intrusion into a HLW reposi- 
tory, the National Research Council con- 
cluded [(9), p. 106], “there is no technical 
basis for predicting either the nature or the fre- 
quency of occurrence of intrusions.” This con- 
clusion applies even more compellingly to 
HLWs presently stored at the surface not only 
at nuclear power plants but also at dozens of 
other locations (see map, page 1426). 

Given that both geologic isolation of 
HLWs and their storage at the surface are 
fraught with uncertainty, how might we pro- 
ceed with the disposition of HLWs in a man- 
ner that restores public confidence? First, it 
behooves the earth science community, the 
involved federal agencies, and the mainstream 
environmental groups to inform the courts, 
the public, and legislators that, in view of the 
unending questions, potential surprises, and 
limitations on prediction that are inherent to 
the scientific endeavor, the fate of HLWs over 
time frames of hundreds of millennia is not 
knowable. There need be no embarrassment to 
admit to the limitations of our explanatory and 
predictive capabilities. After all, questions 
regarding the cause of the ice ages still abound 
after more than a century and a half of study 
(/9), and earthquake prediction remains elu- 
sive after decades of work (20). Decisions on 
the isolation of HLWs, as well as on other 
pressing environmental issues, will likely 
have to be made with incomplete knowledge. 

Second, because of the absence of experi- 
ence in the construction and operation of a 
geologic repository for HLWs, and given the 

sibility that such efforts are likely to 
encompass several generations (current plans 
call for keeping the repository open for more 
than a century), itappears prudent to construct 
and operate a proposed repository in stages, 
initially as a pilot plant, and with experience 
from each operational stage providing feed- 
back to that which follows. The use of such an 
adaptive management approach was recently 
proposed in great detail by the National 
Research Council (2/). 

Last, the importance of monitoring during 
the construction and operation of each stage 
cannot be overstated, as has been argued for 
civil engineering endeavors in general (22). 


POLICY FORU: 


needed to begin to calibrate, test, and, as nec- 
essary, modify, current conceptual models 
that assess the ability of a proposed repository 
to isolate HLWs for even 10,000 years. 

In summary, quantification of the fate of 
HLWs, whether emplaced underground or left 
at the surface is problematic. Should geologic 
isolation of the HLWs be opted for—as rec- 
ommended repeatedly by national and inter- 
national panels (9, /6, /7, 2/)—a pilot plant 
approach to repository development (2/) 
would be prudent. The physical setting of the 
proposed YM repository (i.¢., in consolidated 
rocks ~300 meters above the water table) 
lends itself to such an approach by permitting 
ready access to and monitoring of the wastes 
(the major assets of surface storage), while 
isolating them at depth at a single location (the 
chief asset of geologic disposal) on remote 
federal land. 
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BIOCHEMISTRY 


How Enzymes Work 


Dagmar Ringe and Gregory A. Petsko 


azing at the three-dimen- 
ional structures of enzy- 
mes that regularly grace 


the covers of scientific publica- 
tions, it is hard to imagine that 
there are still people alive who 
remember when many biochem- 
ists thought that enzymes had no 
ordered structure. But that was the 
case until James Sumner crystal- 
lized urease in 1926 (1}—a devel- 
opment so revolutionary that he 
was taken into custody as a dan- 
gerous lunatic when he tried to 
explain what he had done to a 
famous European scientist. When 
biochemists realized that enzymes 
had persistent structure and that 
destruction of that structure could 
abolish enzyme activity, they rap- 
idly adopted the view that enzymes 
were rigid scaffolds whose speci- 
ficity and catalytic power came 
from the inflexible fit of the rig 
substrate onto the preformed enzyme surface, 
the way a key fitsa lock. Fifty years ago, Daniel 
Koshland challenged this view, proposing that 
the enzyme surface was flexible and that only 
the specific substrate would induce the proper 
interactions that led to catalysis (2). 

Studies of enzyme mechanisms were driven 
by a wish to understand the ability of enzymes 
to accelerate the rate of a chemical reaction by 
staggering amounts—up to 10° times the rate 
of the uncatalyzed reaction in water (3)—while 
displaying a specificity so tight that some 
enzymes can discriminate between sulfate and 
phosphate. As we celebrate not only the 
50th anniversary of Koshland’s “induced fit” 
hypothesis but also ~50 years 
tion protein structure determination by x-ray 
crystallography, it is instructive to look back on 
the history of attempts to explain enzymatic 
catalysis and to summarize what we understand 
today about how these remarkable macromole- 
cules function. 

Before the first crystal structure of an 
enzyme was determined, that of lysozyme by 
David Phillips and his team in 1965 (4), spe 
ulations about how enzymes worked were 
based on deductions from indirect biochemical 


of high-resolu- 
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Elucidating the active site. In the crystal structure of a lysozyme mutant bound to 
a synthetic sugar substrate, the sugar ring in the active site is distorted, and the scis- 
sile bond is close to the acid-base residues Asp (left) and Glu>> (lower right; 
mutated to Gln in this structure) (5). All these features were deduced by Phillips and 
co-workers more than 40 years ago (4). Unexpectedly, the structure also shows that 
lysozyme can form a covalent intermediate with its substrates (5). 


and biophysical experiments. The induced fit 
hypothesis was still controversial, and most 
models of enzyme function postulated a fairly 
rigid catalyst. Proximity—the holding of sub- 
strate molecules and catalytic groups on the 
enzyme in close approximation and in orien- 
tations favoring the appropriate bond-break- 
ing and bond-making steps—was generally 
held to have an important role in catalysis, but 
other details were murky. 

The fog lifted, brilliantly, over the course 
of a single weekend, when Phillips took the 
atomic model of his newly determined 
lysozyme structure, built into its active site a 
model of the oligosaccharide substrate, and 
deduced a set of structural factors that he 
believed could explain the ability of this 
enzyme to digest the peptidoglycan cell walls 
of many . Forty years of follow-up 
experiments proved his inspired reasoning 
correct in almost every detail, although a 
recent study provides a new wrinkle (see the 
figure) (5). Moreover, the factors he enumer- 
ated turned out to be applicable to almost all 
other enzymes. 

What are the lessons from lysozyme? First, 
proximity and orientation are critical. Much of 
what an enzyme does is to bring the reacting 
species together in a geometry that favors reac- 
tion, This is so important that in some cases, 


Fifty years of research have led to a detailed 
understanding of the mechanisms of enzymatic 
catalysis. 


even if almost every other fac- 
tor were eliminated by mutating 
the enzyme, the protein would 
still be a respectable cataly: 
Second, Koshland w: i 
The active-site residues usually 
adjust to permit the binding 
of the specific substrate. In- 
duced-fit changes involving 
the movement of entire protein 
domains by several nanometers 
have been observed (6). Third, 
the protein structure can create 
specialized microenvironments 
that dramatically alter the reac- 
tivity of key catalytic groups, in 
some cases by shielding the 
catalytic site from contact with 
bulk solvent. Fourth, enzymes 
can distort the substrate, caus- 
ing it to adopt a high-energy 
conformation with increased 
reactivity (7). Finally, enzymes 
provide extra stabilizing inter- 
actions for the transition state (or unstable inter- 
mediates) in the reaction mechanism. Specific 
stabilization of the transition state, particularly 
electrostatically, is thought to be so important 
that an entire industry—the development of 
catalytic antibodies—has been based on this 
single principle (8-10). 

Most, ifnot all, enzymes derive the bulk of 
their catalytic power from varying combin: 
tions of these simple factors. Confirming evi- 
dence has come from a wide range of elegant 
experiments, notably site-directed mutagenesis, 
which allows specific groups on the enzyme 
to be changed or removed (//~/3), and high- 
resolution x-ray crystallography, especially of 
enzyme-substrate and enzyme-intermediate 
complexes (/4). 

What was missing in this picture? Thr 
relatively recent discoveries stand out. One 
the contribution of quantum mechanical tun- 
neling to the rates of enzyme-catalyzed reac- 
tions whose mechanisms involve the transfer 
of hydrogen ions (/5). Another 
matching of the pK,’s (a logarithmic measure 
of the proton affinity of a weak acid) of the 
donor and acceptor atoms in hydrogen bonds 
that stabilize the transition state. Such match- 
ing can lead to short, symmetrical hydrogen 
bonds of greater-than-normal strength (/6, /7). 
But perhaps the most active area of current 
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research is the possible role of protein 
dynamics in aiding the reacting species in 
crossing the transition-state barrier to the 
reaction. As originally formulated, the struc- 
ture of the enzyme was proposed to favor 
atomic vibrations along the reaction coordi- 
nate while disfavoring those that would not 
lead to productive bond-making or bond- 
breaking steps (/8). Recent evidence from 
different enzyme systems suggests that this 
factor may indeed contribute to catalytic effi- 
ciency (19, 20). 

Given that we now have a good under- 
standing of the principles underlying enzyme 
catalytic proficiency and specificity, it seems 
appropriate to ask where the field is likely to 
go next. Practical applications, such as the 
creation of enzymes catalyzing novel reac- 
tions, are under way. Further investigations 
into the role of protein dynamics in enzy- 
matic catalysis are still needed. But we 
believe that a crucial next step will be to go 


beyond the milicu of dilute aqueous solution 
and individual purified enzymes that has 
defined enzymology for the past 100 years. 
Most enzymes function in the interior of the 
cell, where the substrate concentration is typ- 
ically very low and the protein concentration 
may exceed 100 mM, How do enzymes func- 
tion in a crowded medium of low water activ- 
ity, where there may be no such thing as a 
freely diffusing, isolated protein molecule? In 
vivo enzymology is the logical next step 
along the road that Phillips, Koshland, and 
their predecessors and successors have trav- 
led so brilliantly so far, 
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How Do Proteins Interact? 


David D. Boehr and Peter E. Wright 


to biology and are becoming increasingly 

important targets for drug design. Upon 
forming complexes, protein conformations 
usually change substantially compared to the 
unbound protein. Two main hypotheses have 
been advanced to explain these changes (see 
the figure). According to the “induced fit” 
hypothesis, the initial interaction between a 
protein and a binding partner induces a con- 
formational change in the protein through a 
stepwise process (/). In the “conformational 
selection” model, it is assumed that, prior to 
the binding interaction, the unliganded pro- 
tein exists as an ensemble of conformations 
in dynamic equilibrium. The binding partner 
interacts preferentially with a weakly popu- 
lated, higher-energy conformation-causing 
the equilibrium to shift in favor of the 
selected conformation. This conformation 
then becomes the major conformation in the 
complex (2). Although biochemistry text- 
books have championed the induced fit 
mechanism for more than 50 years, there is 
now growing support for the additional bind- 


[evsters between proteins are central 
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ing mechanism, including the seminal work 
by Lange, Lakomek, and co-workers on page 
1471 of this issue (3). 

A major stumbling block for the confor- 
mational selection hypothesis has been the 
inability to characterize the structures of the 
predicted multiple conformations (or confor- 
mational substates) of a protein. The structural 
models resulting from x-ray crystallography 
tend to identify only a single dominant confor- 
mation, although different crystal forms of the 
same protein can provide insights into the 
range of conformations accessible to the pro- 
tein (4). Help comes from nuclear magnetic 
resonance (NMR), a powerful method for 
characterizing protein dynamics and the pro- 
tein conformational ensemble at the atomic 
level. Various NMR observables (5, 6) give 
structural information about lowly populated, 
higher-energy conformations that are invisi- 
ble to other techniques. 

In a previous report, Vendruscolo and co- 
workers (7) combined data from NMR re- 
laxation experiments with molecular dynam- 
ics simulations to characterize a structural 
ensemble of the protein ubiquitin. However, 
the experimental data only covered nano- 
second time-scale dynamics and thus failed to 
capture the slower time scales that are impor- 
tant for molecular recognition. 
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New results provide support for the hypothesis 
that interactions between proteins involve 
selection from an ensemble of different 
conformations. 


Lange ef al. have now extended the 
methodology to slower time scales by using 
residual dipolar couplings (RDCs) (3), which 
serve as restraints for structural determination 
by NMR and also provide dynamic informa- 
tion over a wide range of time scales (8). By 
analyzing RDCs measured for a large range of 
solution conditions, Lange ef a/. construct a 
structural ensemble for ubiquitin that de- 
scribes its dynamic behavior up to the 
microsecond time scale. 

The most striking feature of the ensemble 
is the presence of conformations that are 
nearly identical to the 46 known bound forms 
of ubiquitin observed in x-ray crystal struc- 
tures. The results provide very strong evi- 
dence that complex formation by ubiquitin 
involves conformational selection proc 
ses. Gsponer et al. recently reported a similar 
result for calmodulin. Using the methodology 
of Vendruscolo and co-workers, they showed 
that the nanosecond ensemble for apo- 
calmodulin contains conformations similar to 
calmodulin bound to myosin light chain 
kinase (9). 

The structural ensemble reported by Lange 
et al. is consistent with the energy landscape 
theory of protein folding and function (2, /0, 
11). This theory posits that there are multiple 
protein conformations in dynamic equilib- 
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rium, with populations that depend on their 
relative free energies. Changes in the protein 
environment—such as a binding event—will 
alter the relative populations of the substates in 
the conformational ensemble (see the figure). 
In this context, induced fit and conformational 
selection are two extremes of a spectrum of 
possible protein binding mechanisms that can 
be categorized based on the initial binding 
interaction and the resulting structural changes 
in the energy landscape. 

Indeed, a large body of structural work 
supports induced fit mechanisms (/2), and 
kinetic signatures for both induced fit and 
conformational selection have been observed, 
sometimes in the same system (/3—-/5). Ina 
model that combines both mechanisms, the 
interaction proceeds through three steps: a dif 
fusional encounter, recognition of comple- 
mentary structures contained within the con- 
formational ensembles of the free proteins, 
and conformational relaxation into the final 
bound state (/6). As noted by Lange et al., 
their results only characterize protein back- 
bone structure and dynamics, and it is possible 
that minor backbone conformational changes 
or rotameric rearrangements of side chains 
may be induced after the initial interaction 
with a protein binding partner. 

The analysis by Lange et al. provides much 
structural insight into the conformational 
ensemble of ubiquitin, but a more complete 


Molecular recognition mechanisms in proteins. Induced fit (top) assumes an initial interaction 
between a protein and its binding partner, followed by conformational changes that act to optimize the 
interaction. In conformational selection (bottom), a weakly populated, higher-energy conformation 
interacts with the binding partner, stabilizing the complex. Relative populations of conformations are 
indicated by size, In the structural ensemble presented by Lange et al., different conformations may 
interact with distinct protein-binding partners. The energy diagram depicted is the simplest case; bind- 
ing partners may have affinity for a number of protein substates that would further modify the structural 


energy landscape. 


picture of the energy landscape would require 
more detailed kinetic and thermodynamic 
information. What are the relative populations 
of the individual structures and the rate con- 
stants of exchange among the substates in the 
conformational ensemble? What is the nature 
of the thermodynamic barriers between confor- 
mations? The information gained about the 
conformational ensemble can be compared 
witha careful kinetic analysis of ubiquitin bind- 
ing interactions to provide us with a richer 
understanding of the diversity of protein-pro- 
tein binding mechanisms. 

The findings by Lange et al, (3) also pose 
intriguing questions about the role of 
dynamics in protein evolution (/7). Either 
the structural fluctuations of ubiquitin 
evolved to interact with various protein 
binding partners, or new binding interac- 
tions took advantage of the intrinsic protein 
dynamics. The second case would help facil- 
itate new binding interactions without com- 
promising the structural integrity and origi- 
nal function of the protein. Analysis of struc- 
tural ensembles populated on time scales 
slower than molecular tumbling, as begun by 
Lange er al., will lead to a better understand- 


ing of evolution at the molecular level and 
may provide new approaches to protein 
engineering and drug design. 
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DEVELOPMENTAL BIOLOGY 


Sex and Poison in the Dark 


Reinhard Fischer 


A protein complex moves in and out of the nucleus in response to light, associating with proteins 


that control fungal development and metabolism. 


ilamentous fungi are very successful 
F organisms on our planet because of their 

metabolic versatility and potential to 
adapt to and survive extreme conditions, In this 
context, one important feature is their al 
produce different types of spores, for their dis- 
semination in the environment and for resis 
harsh conditions (/, 2). Another factor is their 
success in chemical warfare—fungi produce 
molecules that help them to compete with other 
microorganisms (2). The best-known of these 
compounds are antibiotics, which can benefit 
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‘one microorganism by inhibiting the growth of 
others. On the other hand, several other fungal 
metabolites, such as mycotoxins, cause mil- 
lions of dollars in losses every year due to con- 
taminated food and animal feed. If ingested by 
humans, mycotoxins, such as aflatoxin, may 
cause cancer or even death. Most interestingly, 
the phenomena of spore development and sec- 
ondary metabolism are genetically linked (3). 
On page 1504 of this issue, Bayram et al. (4) 
unravel this association at a molecular level in 
the model fungus Aspergillus nidulans and | 
show how this connection is controlled by light. | 


Most research with the filamentous fun- 
gus A. nidulans involves a strain in which the 


13 JUNE 2008 VOL320 SCIENCE www.sciencemag.org 


PHOTO CREDITS: SCANNING ELECTRON MICROGRAPHS BY M. KRUEGER, R. WEBER, AND R. FISCHER 


gene encoding the light-responsive pro- 
tein VeA is mutated (5). A. nidulans 
develops asexually in light and sexually 
in the dark, and a ved mutation causes a 
shift from sexual to asexual spore for- 
mation and renders asexual sporulation 
independent of light. Genetic data thus 
suggested that VeA regulates light- 
dependent development. In addition to 
this role, VeA controls secondary meta- 
bolism—the production of molecules 
that are not absolutely required for the 
survival of the organism (such as 
antibiotics and mycotoxins) (3, 6). For 
example, in the presence of light, A. 
nidulans produces less of the aflatoxin- 
related compound sterigmatocystin. 

Orthologs of VeA have been charac- 
terized in several fungi, where the dual 
function in morphological and chemical 
differentiation appears to be conserved 
(7-9). Cloning of the ved gene reveals 
no indication that it encodes a transcrip- 
tional regulator or a light sensor (6, 10). 
However, VeA contains sequences for 
nuclear targeting and for fast protein 
turnover. VeA is found in both the cyto- 
plasm and the nucleus, where it accumu- 
lates especially in the dark (//). Defects 
in the control of protein degradation 
impair the coordination of development 
and secondary metabolism in the pres- 
ence or absence of light (12). 

The genetic regulation of secondary 
metabolism is well studied in A. nidu- 
Jans. Unlike most primary metabolism 
genes, genes encoding secondary meta- 
bolites are clustered in the genome 
(73). Expression of several of those 
gene clusters is coordinately regulated 
by a single protein, LacA (/4, 15). This 
global regulator is constitutively pres- 
ent in the nucleus and is presumably a 
methyltransferase, which modifies the 
chromatin structure of target gene clus- 
ters and activates their expression. The 
‘open question concerned how develop- 
ment and secondary metabolism are 
coupled and which role VeA and LacA 
may play. 

Bayram et al. have now solved this 
puzzle, showing that VeA forms a pro- 
tein complex with VelB (a VeA-like 
protein) and LaeA. VeA and VelB 
appear to interact already in the cyto- 
plasm and travel together into the 
nucleus to associate with LacA. The 
trimeric protein complex was identi- 
fied when A. nidulans was grown in 
the dark. Under light conditions, the 
VeA concentration in the cell was 
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Shifts in the light. Whereas asexual development of the 
fungus A. nidulans is stimulated by light, sexual develop- 
ment and secondary metabolite (mycotoxin) formation are 
repressed. The VeA-VelB protein complex plays a central 
role in transmitting the light signal to signaling pathways 


that control gene expression. 
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lower compared to that in the dark, and VeA 
interacted only with VeIB (see the figure). 
Thus, the concentration of VeA in the 
nucleus appears to be one crucial parame- 
ter for secondary metabolite production 
and induction of the sexual developmental 
cycle. Because LaeA does not control sex- 
ual development, it is likely that other pro- 
teins are interacting with VeA and/or VelB 
to trigger this pathway. 

This raises the question of how a light 
signal is transmitted to VeA. There are three 
possible upstream factors: a phytochrome, 
FphA; two blue-light receptor systems, 
LreA and LreB; and the cryptochrome, 
CryA (/6-/8). Although FphA interacts 
with VeA in the nucleus (/6), a direct con- 
nection between any of the light regulators 
and LaeA has not been discovered through 
the biochemical approach of Bayram ef al. 
This may indicate that interactions of VeA 
with light regulators are of a transient nature 
or that different protein interactions or pro- 
tein complexes occur at different times in 
the cell. Whether and how the light regula- 
tors control the concentration or the activity 
of VeA is not yet known. 

The challenge for future research will be 
to define specific functions for VeA and 
VelB in the discovered protein complex and 
to determine whether and how the light reg- 
ulators are interlinked with the LaeA func- 
tion. Insights into light signaling in A. nidu- 
lans may help to control mycotoxin forma- 
tion or increase penicillin production. 
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Enceladus—Oasis or Ice Ball? 


Susan W. Kieffer’ and Bruce M. Jakosky? 


it possible for life to exist on 
I: celadus, the tiny (500 km 
diameter) tellite of Saturn? 
The Cassini mission found giant 
gascous plumes erupting from a tec- 
tonically active and warm south 
polar region. One highly publicized 
interpretation is that liquid water is 
present, possibly within tens of 
meters of the surface (/), or possibly 
only at depths of tens of kilometers 
[for example, see (2)]. An antitheti- 
cal interpretation is that Enceladus 
is frigid, stiff, thoroughly solid and 
composed of ice with interstitial 
gases to great depths (3, 4). How- 
ever, liquid water is just one of the 
three environmental conditions that 
are generally thought to be prerequi- 
sites for life (5). There must also be 
access to the elements out of which 
complex molecular structures can be 
constructed—mainly C, H, O, N, S, 
and—as well as an energy source 
that can drive metabolism. We ex- 
amine the range of possible environ- 
ments on Enceladus that are consis- 
tent with the observations in terms of 
their implications for harboring life. 

The instruments on Cassini provide data 
on gas and surface composition (6-8), ther- 
mal emission and radiated power (9), and 
optical images (/). These data can also pro- 
vide clues to interior chemistry and condi- 
tions as well as surface temperatures and 
near-surface processes, but are subject to 
interpretation. 

For example, there are competing views 
as to the physical state of water on Encel- 
adus. One model holds that liquid water 
is present near the surface and has been 
dubbed “Cold Faithful” (/) in deference to 
the plume’s apparent similarities to the Old 
Faithful geyser in Yellowstone National Park. 
The plume is formed from a reservoir of boil- 
ing water. The radiated energ' sumed to 
be transported to the surface by thermal con- 
duction through the crust. Temperature gra- 
dients are high, and liquid water is encoun- 
tered at shallow depths. In this interpretation, 
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Polar plume. Jets of water vapor, ice particles, gas, and trace organic com- 
pounds erupting from the surface at the south pole of Enceladus. 


there is a high potential for near-surface 
extraterrestrial life (/0). 

In the other model, dubbed “Frigid Faith- 
sa frigid mixture of ice and 


molecules in lattice cag 
solid crust during tectonic act 
gases and allows sublimation of cold water 
vapor. The radiated energy is transported to 
face by advection of gases in cracks in 
st, with condensation onto the walls of 
. Temperature gradients are low; 
substantial warming may not occur even to 35 
to 100 km (4). No liquid water is present, and 
there is little potential for life. 

Given these two competing models, can a 
strong argument be made for the presence of 
liquid water? Water is certainly present in 
Enceladus, at I lid and vapor, but the 
presence of vapor does not necessarily imply 
that liquid water i nt 

Even the warmest surface temperatures 
measured to date are below ~180 K (/0). At 
the moment, the size of the warmest regions 
can be constrained to be less than a few kilo- 
meters, but they are likely to be much smaller 


The case has not yet been made that Saturn's 
satellite Enceladus meets the environmental 
conditions needed to support life. 


(/1). Kieffer et al. (3) noted that 
the entire discharge of a few hun- 
dred kilograms per second in the 
south polar plumes is similar to 
the discharge of Old Faithful 
geyser; the vent of Old Faithful is 
less than 1 m? in area. Thus, the 
warmest spots are likely to be very 
small relative to large adjacent 
areas that are at 80 K, and so it is 
difficult to envision liquid water 
coexisting with such large areas of 
cold ice. These arguments suggest 
that any liquid water is “deep,” but 
this depth is not well constrained. 

If liquid water is present, does 
it come into contact with the 
chemical building blocks needed 
for life? The elements C, H, O, 
and possibly N, as well as simple 
and complex organic molecules, 
have been observed in gases in the 
south polar plume or in ices on the 
surface (/2). However, the con- 
cept of a liquid-water reservoir 
runs into problems in terms of 
the compounds observed in the 
plume—CO,, CH,, and CO or 
N,. In the measured abundance 
CO, can exist in solution in liquid water only 
at depths greater than 20 km, and CO, N,, and 
CH, could not be in solution even at the cen- 
ter of this tiny satellite (3), However, in the 
frigid model, these molecules are readily 
stored in cages in the clathrates and are 
released during fracturing ass ied with the 
tectonic activity. 

It is likely, but by no means certain, that 
Enceladus has most of the heavier biogenic 
elements. The elements that are less volatile, 
including S, P, and Fe, are likely to be pres 
in any rock-containing environment [nitrogen 
presents a special case (/3)]. Although rocky 
material is not observed on the surface, the 
bulk density of Enceladus exceeds that of ice 
by about 60%. It is generally believed that 
Enceladus is differentiated and h 
core. Near-surface liquid could be 
from ai 
ice and clathrate. 

Is there a source of energy to drive 
metabolism? The warm regions at the south 
pole radiate 3 to 7 GW of power, but organ- 


isms cannot use this enormous amount of | 


thermal energy directly. Usable energy may 
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ss to rock by as much as 100 km of | 


be available in geological environments that 
bring together the biogenic elements and liq- 
uid water in the presence of rock (/4), as is 
seen on Earth and postulated for Mars and 
Europa (/5). 

In summary, it has not been conclu- 
sively demonstrated that Enceladus meets 
any of the three key environmental condi- 
tions necessary to support life. The range of 
possible models that can explain the obser- 
vations—both those invoking liquid water 
and those excluding it—is still being 
defined. An important next step will be to 
create a unified model of conditions and 
processes at the surface and in the interior 
that could better constrain the geologic 
conditions on the “regional” scale of the 
south polar terrain. 

What would it take to resolve this contro- 
versy and get a more definitive answer? Even 
the strongest constraint—measurement of the 
temperature and size of the warm spots— 


must be put into context. If the temperatures 
remain low, then it is likely that the heat 
advection machine described by the frigid 
model is at work, although this concept needs. 
further refinement to quantify the relation 
between the process and the radiated power. 
However, even if measured temperatures 
reach 273 K, which would be spectacular and 
tantalizing for liquid-water models, the chal- 
lenge remains to explain where the com- 
pounds CO,, CH,, CO, or N, that contain 
some of the building blocks for life come 
from, and where the remaining elements are 
likely to be found. 

Future planning of explorations should be 
guided by the full range of possible models 
and the uncertainties associated with them. A 
definitive answer about the potential for life 
may have to await a follow-on spacecraft mis- 
sion that can make specific high-resolution 
observations that could distinguish between 
the competing models. 
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Unfolding Lipid Metabolism 


Jay D. Horton 


ells respond to unfolded and misfolded 
( proteins in the endoplasmic reticulum 

by activating the unfolded protein 
response, which arrests protein synthesis and 
removes the accumulated, aberrant protein 
load, so that normal function of the organelle 
can be restored as soon as possible. This 
response has been linked to a variety of dis- 
eases, including neurodegenerative condi- 
tions, immune response disorders, cancer, dia- 
betes, and fatty liver disease (/). The transcrip- 
tion factor X-box binding protein | (XBP1) 
controls the expression of genes required for 
the unfolded protein response, but on page 
1492 in this issue, Lee er al. (2) establish an 
unexpected, independent role of XBP1 in reg- 
ulating lipid synthesis in the liver. The finding 
provides new opportunities to develop treat- 
ments for conditions such as hyperlipidemia 
and fatty liver disease in humans. 

XBP!1 binds to promoter elements of genes 
that encode chaperone proteins that assist with 
protein folding in the endoplasmic reticulum. 
Global deletion of the Xbp/ gene in mice 
results in the deaths of embryos from anemia, 
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secondary to reduced numbers of hematopoi- 
etic progenitor cells and hypoplastic fetal liv- 
ers (3). XBP1 is also required for plasma cell 
differentiation and the development of cardiac 
muscle and secretory tissues. 

To study the function of XBP1 in adult 
mice, Lee et al, deleted the Xbp/ gene exclu- 
sively in the adult mouse liver. This unexpect- 
edly reduced liver fatty acid and cholesterol 
synthesis by ~85 to 90%, thus lowering con- 
centrations of plasma cholesterol and triglyc- 
erides. Much of the cholesterol and triglyc- 
erides transported in the blood are in 
apolipoprotein B (apoB) —containing particles 
secreted by the liver, so a block in apoB secre- 
tion would result in low plasma concentra- 
tions of these lipids. Given the established role 
of XBP1 in promoting protein folding and 
secretion from cells, the observed low blood 
cholesterol and triglyceride concentrations 
could be secondary to impaired secretion of 
apoB and its associated lipids from liver, 
Surprisingly, apoB secretion from liver was 
unaffected by the loss of XBP1; rather, the 
underlying mechanism of the hypolipidemia 
is the regulated expression of select genes 
involved in lipogenesis by XBP1. 

Sterol regulatory element-binding 
protein-lc (SREBP-Ic) and carbohydrate 
response element-binding protein (ChREBP) 
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Atranscription factor exhibits dual roles, 
regulating genes that respond to improperly 
folded proteins and genes that control lipid 
synthesis. 


are transcription factors that stimulate fatty 
acid synthesis in response to insulin and high 
glucose concentrations in plasma, respec- 
tively. Action of SREBP- Ic is enhanced by the 
transcription factor liver X receptor (LXR). 
SREBP-2 stimulates the expression of genes 
involved in cholesterol synthesis (4). SREBPs. 
are generated as inactive precursors in the 
membrane of the endoplasmic reticulum (see 
the figure). To be active, the amino-terminal 
domain of an SREBP (nSREBP) must be 
released from the membrane to enter the 
nucleus and activate target genes. This process 
requires SREBP cleavage-activating protein 
(SCAP), which escorts SREBPs from the 
endoplasmic reticulum to the Golgi. There, 
two proteases (S1P and S2P) cleave SREBPs 
to release the amino terminus from the mem- 
brane (5). 

In mice that lack the Scap gene in liver, 
expression of nSREBPs and the expression of 
genes involved in fatty acid and cholesterol 
synthesis decrease (6), resulting in lower 
plasma triglyceride and cholesterol concen- 
trations, similar to that observed in XBP1- 
deficient mice. Whereas SREBPs coordi- 
nately regulate all cholesterol and fatty acid 
biosynthetic genes, regulation of lipid synthe- 
sis by XBP1 appears to be more complex 
because the expression of nSREBP-|c or 
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CYTOPLASM 


CYTOPLASM 


Regulators of lipid synthesis and the unfolded protein response. The tran- 
scription factors XBP1, ATF6, and SREBP require processing to active forms 
before entering the nucleus, where SERBPs and XBP1 control the expression of 


nSREBP-2 in XBP1-deficient livers was not 
reduced, This suggests that the decreased lipid 
synthesis rate is independent of SREBP- 
mediated transcriptional regulation. 
Consistent with the normal concentration 
of nSREBPs in XBP 1-deficent livers, expres- 
sion of only three genes involved in fatty 
acid and triglyceride synthesis decreased— 
acetyl-coenzyme A (CoA) carboxylase 2 
(ACC2), stearoyl-CoA desaturase 1, and 
acyl-CoA:diacylglycerol acyltransferase 1. 
By contrast, the expression of genes encoding 
enzymes (ACCI and fatty acid synthase) that 
synthesize long-chain fatty acids was not 
reduced. Similarly, the expression of genes 
encoding 3-hydroxy-3-methylglutaryl coen- 
zyme A (HMG-CoA) reductase and HMG- 
CoA synthase, key cholesterol biosynthetic 
enzymes, was unchanged in the absence of 
XBP1. Nevertheless, the rates of hepatic fatty 
acid and sterol synthesis were markedly 
reduced. These observations raise the possi- 
bility that in addition to the transcriptional 
changes observed in the XBP1-deficient liv- 
ers, posttranscriptional regulatory mecha- 
nisms may contribute to the phenotype. One 
such modification that alters both cholesterol 
and fatty acid synthesis is phosphorylation 
and inactivation of HMG-CoA reductase 
(7) and ACCs (8) by adenosine 5‘-mono- 
phosphate (AMP)-activated protein kinase 
(AMPK). AMPK is activated by stress that 
raises the cellular ratio of AMP to ATP 
(adenosine 5’-triphosphate), and it modulates 
many processes involved in cellular energet- 
ics. Whether such stress is present in XBP1- 


SREBPs by cholesterol. 


deficient livers is not yet known. 

Although the fields of lipid metabolism 
and the unfolded protein response have devel- 
oped largely in parallel, indirect links between 
the disciplines have emerged. For example, 
activating transcription factor 6 (ATF6) is 
activated through transport from the endo- 
plasmic reticulum to the Golgi, where it is 
cleaved by $2P, the same protease that cleaves 
SREBPs (9). ATF6 activates Ybp/ (among 
other targets), which in turn increases phos- 
pholipid synthesis, a process that may support 
the creation of new membrane in endoplasmic 
reticulum, allowing it to handle the stress of 
accumulated, improperly folded proteins (/0). 
Another link between the two fields was 
revealed through studies of mice deficient in 
leptin, a hormone that controls appetite and fat 
metabolism. These mice are obese, insulin- 
resistant, and have high concentrations of 
triglycerides in their livers. These fatty livers 
also show molecular evidence of endoplasmic 
reticulum stress, which includes activation of 
RNA-activated protein kinase—like eukaryotic 
initiation factor 20 kinase (PERK) and inosi- 
tol-requiring enzyme-1o (IRE-10), resident 
membrane proteins of the organelle (//). 
PERK phosphorylates eukaryotic transla- 
tional initiation factor 20, which attenuates 
protein translation. Activated IRE-10 excises 
a portion of the messenger RNA encoding 
XBP1, which then is translated into the XBP1 
protein that translocates to the nucleus to acti- 
vate target genes (/2, /3). IRE-1o also trig- 
gers a signaling pathway (the c-Jun amino- 
terminal kinase cascade) that blocks insulin 


Regulate gene expression 
for lipid synthesis 


genes involved in lipogenesis and ATF6 activates XBP1. The activation of XBP1 
and ATF6 in response to stress occurs independently of the regulation of 


signaling (/4), thus establishing a causal link 
between endoplasmic reticulum stress, cellu- 
lar insulin resistance, and excess triglyceride 
accumulation in liver. 

Even though XBP1 is well known as a 
transcriptional regulator of the unfolded pro- 
tein response, its role in regulating lipid syn- 
thesis in liver appears to be independent of 
stress in the endoplasmic reticulum. XBP1 is 
present in the nucleus of normal mouse liver 
and its expression is induced after fructose 
feeding, suggesting that an alternative mecha- 
nism for regulating XBP1 exists in hepato- 
cytes. Further studies are required to reveal 
this mechanism and to determine whether the 
regulation of lipid synthesis by XBP1 and 
SREBPs occur independently or in concert. 
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The Future of Forests 


FORESTS HAVE HAD A PERVASIVE INFLUENCE ON THE EVOLUTION OF 
terrestrial life and continue to provide important feedbacks to the physical envi- 
ronment, notably climate. Today, studies of the world’s forests are taking place 
against a backdrop of unprecedented change, largely resulting either directly or 
indirectly from human activity. In this special issue, we focus particularly on the 
future of forests in light of these changes. 

Current research on the relationships of forests and climate are considered in 
a Review by Bonan (p. 1444), which provides an overview of how climate and 
forests are connected through physical, chemical, and biological processes that 
affect the carbon cycle, the hydrologic cycle, atmospheric composition, and the 
flow of solar energy and heat through the Earth system. 

For scientists interested in forest dynamics (the turnover of individual trees 
and species over time), long-term forest plots are yielding field data on 
processes that take place over time scales longer than a research career. Until 
recently, though, the development of predictive models of forest dynamics 
lagged behind observation. In a Perspective, Purves and Pacala (p. 1452) 
explain how advances in the mathematics of forest modeling and the ecologi- 
cal understanding of forest communities are generating exciting new possibil- 
ities for mapping future trajectories of forests over times from decades to cen- 
turies, At longer time scales, pollen and macrofossil records, along with 
genetic data, have revealed past movements of species as climates changed, 
which in turn provide pointers to the direction of future change, as discussed by 
Petit ef al. in a Perspective (p. 1450). 

Three further Perspectives deal with aspects of sustainable forest manage- 
ment. Miles and Kapos (p. 1454) consider the question of incentives for 
“avoided deforestation” in the context of the recent Bali conference on climate 
change; Canadell and Raupach (p. 1456) discuss how carbon sequestration can 
protect against the effects of climate change; and Chazdon (p. 1458) considers 
how forests and their ecosystem services can be restored on degraded lands. In 
another Perspective, Agrawal er al. (p. 1460) spotlight some recent trends in for- 
est governance and ownership, which in effect define the limits and opportuni- 
ties for sustainability. 

The three News reports take a look at how humans have reshaped wooded 
landscapes across the globe. Stokstad (p. 1436) takes stock of a large-scale 
assessment of Amazonian biodiversity in regenerating forests and tree farms. 
Koenig (p. 1439) examines the precariousness of the extensive rainforests in the 
Democratic Republic of the Congo. Morell (p. 1442) reports on the success of 
preservation efforts in China’s Hengduan Mountain Region, one of the richest 
temperate forest ecosystems. 

Forests and trees have been intimately bound up with the emergence and cul- 
tural development of our own species. Their future, and that of human society, 
depends ever more on how humans treat them in the coming decades. 

—ANDREW SUGDEN, JESSE SMITH, ELIZABETH PENNISI 
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A Second Chance for 
Rainforest Biodiversity 


As ever more of the Amazon falls under the ax, a large-scale project is helping 
to clarify how well various tropical species survive in recovering forests 


In 1967, an American billionaire named 
Daniel Ludwig purchased 16,000 square kilo- 
meters of rainforest in Brazil—an area half the 
size of Belgium. Ludwig, who had made his 
fortune building supertankers, was betting on 
apaper shortage and hoped to boost his wealth 
by growing Eucalyptus trees for pulp. 

Thinking big, Ludwig shipped a pre- 
assembled paper mill from Japan and 
floated it up the Jari River. He built a new 
town, and his workers chopped down about 
1300 square kilometers of rainforest to 
make way for the plantations. 
The rest remained un- 
touched. After a little more 
than a decade, however, the 
heme failed. Stymied by 
ising energy costs and busi- 
pulled 
out. Logging continues in the 
area, but many of the clear- 
cuts have been returning to 
the wild. 

Ludwig's losses have been 
science’s gain. Given the rate 
at which rainforests are being 
cleared, some ecologis Ly 
there is a growing need to turn 
more attention to the woods 
that sprout up in their place. 


Whether the land is left to its own devices or 
managed by humans as tree farms, these sec- 
ond-generation ecosystems are coming to 
dominate the wooded landscape. Attracted by 
the Jari property’s combination of intact rain- 
forest, vast tree plantations, and regenerating 
forest, Carlos Peres recognized it was a perfect 
place to figure out which species persist 
where. “If you're trying to predict the future, 
this is what you need to do,” says Per 
wildlife biologist at the University of 
Anglia in Norwich, U.K., he and his team have 


Different fates. The harlequin toad is one of many species that require old-growth forest, 
whereas the black-spotted barbet can survive in regenerating forest. 


now published their follow-up of Ludwig’s 
folly in a series of recent papers. 

This research is by no means the first to 
look at the biodiversity of so-called secondary 
forests—those allowed to regrow on their 
own 


and plantations, but it is one of the 
and most rigorous assessments in the 
“It’s comprehensive enough that the 
results are convincing,” says ecologist Robert 
Dunn of North Carolina State University in 
Raleigh. Whether those results are good news 
or bad news, however, is a matter of debate. 
“The big take-home mes- 
sage is that there are a lot of 
species missing” from second 
ary fort nd plantations, 
Dunn says. And for Peres’: 
team, the findings reinforce 
the need to conserve the 
remaining old-growth tropical 
forests. “Primary forest is even 
harder to replace than many 
researchers expect,” says Toby 
Gardner of the Federal Univer- 
sity of Lavras in Brazil. “For 
many species, once these vir- 
gin forests have gone there is 
nowhere else to go.” 
Drawing on these and other 
findings, other ecologists 
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Rich habitat. Uncut rainforest near the Jari River in 
northeastern Brazil. 


accentuate the positive. They point to the 
species that can cope, even thrive, in secondary 
forests and plantations. “There is a huge 
opportunity for conserving forest ecosystem 
functions and biodiversity,” says tropical ecolo- 
gist Daniel Nepstad of the Woods Hole 
Research Center in Falmouth, Massachusetts. 
Ultimately, the amount of diversity that per- 
sists in the Amazon will be determined by how 
much land is set aside—and by how hard 
humans work the rest. 


Return of the forests 

The statistics are grim for old-growth forests. 
The United Nations Food and Agriculture 
Organization estimated in 2005 that just 
36% of the world’s forests 
remain relatively untouched by 
humans. That fraction is dis- 
appearing quickly in the trop- “4, 
ics, by as much as 12% per & 
year, much of it destroyed by f 
slashing and burning for fields 
or pasture for cattle. 

‘Yet tropical trees are mak- 
ing something of a comeback. 
Clear-cut areas and abandoned 
farms are being turned into 
timber plantations or being 
reforested as part of govern- 
ment programs (Science, 
23 February 2007, p. 1070). In 
parts of Latin America and 
elsewhere, trees are planted for 
side benefits to agriculture, 
such as shade and the “live 
fencing” they can provide. 

And when the land is left 
alone, new saplings take hold, 
blossoming into secondary 
forests. “The amounts of land involved are 
absolutely staggering,” says S. Joseph Wright 
of the Smithsonian Tropical Research Insti- 
tute in Balboa, Panama. According to one 
global analysis, for every six or seven 
hectares of tropical forest cut during the 1990s, 
one hectare regrew (Science, 9 August 2002, 
p. 999). Costa Rica and Puerto Rico now have 
more secondary forest than primary. Because 
these new landscapes will eventually dwarf 
the intact forests preserved in national parks 
and other reserves, ecologists say these reborn 
places will be critical for the future of tropi- 
cal biodiversity. 

But relatively little is known about the 
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potential of this habitat to serve as a refuge 
for the same species that depend on old- 
growth forest. Scientists have tended to focus 
on tropical forests that show no obvious sign 
of direct interference, in part because they 
are storehouses of diversity and are dis- 
appearing quickly. “Most secondary forests 
have been seen as trammeled and uninterest- 
ing,” says geographer Susanna Hecht of the 
University of California, Los Angeles 
(UCLA). In fact, “they're much more diverse 
than people think.” 

Most of the research on secondary forests 
has been done in Costa Rica and other 
Mesoamerican countries, where original 
forests were mostly converted to agriculture 
decades ago. Patches of that land have slowly 
reverted to forests, whereas the remainder 
remains in cultivation, Such studies have 


New growth. When cleared land is left alone, secondary forests like this one in Mato 
Grosso, Brazil, can take hold. 


tended to be small-scale, so the results don’t 
readily apply to the Amazon’s immense 
swaths of deforestation. “From the perspec- 
tive of conserving rare species, the whole lit- 
erature missed the effect of scale and distur- 
bance,” says Dunn, who published a meta- 
analysis in Conservation Biology in 2004. 


Testing for biodiversity 

The Jari landholdings have no shortage of 
large-scale disturbance. Peres, who grew up in 
the Brazilian Amazon, had visited the planta- 
tions as a teenager. Looking for a new 
research project in 2002, he recalled their vast 
size and set up shop there to assess the local 
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biodiversity. Working primarily with his Ph.D. 
students Gardner and Jos Barlow, Peres ini- 
tially surveyed a half-dozen major kinds of 
animals, But as collaborations flourished with 
Brazilian taxonomists from the Goeldi Nat- 
ural History Museum in Belém, Brazil, that 
number swelled to 16 groups of vertebrates, 
invertebrates, and plants. 

Half the battle was logistical: It was a strug- 
gle to keep the team’s cars running given the 
daily 200 kilometers of off-road driving 
between field sites. Another strain was cut- 
ting transects through dense thickets of 
regrowth—hot, humid forests dominated by 
10-meter-tall palms. “It was a crazy few years 
in the field,” recalls Barlow, now at Lancaster 
University in the U.K. 

Unlike many other tropical researchers, 
the team was able to set up multiple field 
sites, five each of primary 
forest, secondary forest, and 
Eucalyptus plantations. The 
sites were also extremely 
large—averaging 26 square 
kilometers for the secondary 
forest plots, up to 1000 times 
larger than field plots in pre- 
vious studies. 

Large plots allowed the 
team to minimize so-called 
edge effects. If animals spot- 
ted by observers are simply 
visiting the secondary forest 
from nearby primary forest, 
they will inflate the estimate 
of biodiversity that would 
exist, say, in a forest tract that 
is isolated in “a sea of soy,” 
Gardner explains. “We maxi- 
mized our ability to under- 
stand what lives in the land- 
scape.” And because the pri- 
mary forest study sites are 
both large and surrounded by many more 
hectares of intact forest, they could get an 
accurate baseline of prelogging biodiversity. 

The study’s good news was that the sec- 
ondary forests restored some of the ecosys- 
tem functions of the primary forests. The rate 
of decomposition of fallen leaves, which 
replenishes the soil, was about the same in 
primary and secondary forests (it was much 
lower in the plantations), the team reported 
with Leandro Ferreira of the Goeldi Museum 
in the August 2007 issue of Forest Ecology 
and Management. 

But for many creatures, the news was bad 
(see chart, p. 1438). Secondary forests had 
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less than 40% of the bird species found in the 
Jari primary forest, and those present were 
those that prefer disturbed areas. The 14- to 
19-year-old secondary forests “clearly failed 
to compensate for the loss of primary habi- 
tats and the habitat specialists they contain,” 
the team concluded in the April 2007 issue of 
Biological Conservation. Amphibians, trees, 
and woody vines called liana that are com- 
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mon in tropical rainforests were also particu- 
larly depauperate. 

Plantations were even less suitable refuges 
for most old-growth taxa. The rows of 4- to 
6-year-old Eucalytpus trees had just 20% of 
bird species in primary forest. Yet bats and 
fruit flies did just as well in plantations as in 
secondary forests, and grasshoppers did better. 
A summary paper published in the 20 Nov- 
ember 2007 Proceedings of the National 
Academy of Sciences charted all the trends. 

Decreased animal diversity is cause for 
concern about the health of secondary forests, 
the team says. Ina paper published in the May 
Journal of Applied Ecology, Malva Hernandez 
of the Universidade Federal da Paraiba, Brazil, 
and others reported that the “exceptionally 
impoverished” dung beetle communities in 
secondary forests could have ecological reper- 
cussions, as the beetles bury many kinds of 
seeds, helping to repopulate the flora. Studies 
of dung beetles elsewhere have not seen such a 
stark difference in their diversity among habi- 
tats, but the team says the larger study plots 
make the new findings more reliable. 

For some groups, total diversity—not 
just old-growth species—didn’t change 
much. Species richness of scavenger flies 
and mammals, for example, was not meas- 
urably different between the three habitats 
studied by Peres and his colleagues. How- 
ever, the species were not the same from one 
forest type to another. In the November 
issue of the Journal of Tropical Ecology, 
undergraduate Luke Parry of the University 
of East Anglia and the Jari team reported 
that secondary forests had more ungulate 
browsers but fewer fruit-eating monkeys 
and particularly lacked vertebrates that dis- 
perse large seeds. 

The fieldwork has wrapped up, and now 
the team is refining its estimates of how 
much diversity is lost when forests are cut 
down and then regrow. Overall, Barlow says, 
the latest work is showing that widespread 
conversion of primary habitats to secondary 
forests results in species losses worse than 
they reported in November: Tree diversity 
dropped by as much as 86%, for example. 
“These results highlight the overwhelming 
importance of primary forest,” he notes. 


Abright side 

In some ways, the results from the Jari land- 
holdings foretell a dire future for forest bio- 
diversity in the rest of the Amazon. Clear- 
cutting and burning of primary forests, such 
as what this area endured in the 1970s, are 
particularly damaging to any next generation 


of forest because those practices compact 
soil and alter its chemistry. The loss of tree 
canopy also makes the land reflect less sun- 
light; over large areas this change influences 
weather, reducing rainfall and drying the 
soil. The altered environs drive away ani- 
mals. Once they vanish, plants that rely on 
those species to disperse their seeds have 
trouble reproducing and may not get reestab- 
lished. These severe impacts continue across 
the Amazon today. 

Moreover, secondary forests throughout 
the Amazon aren’t given enough time to 
recover the biodiversity of primary forests. 
“For some [taxonomic] groups, it may take 
200 to 300 years to get a pale shadow of 
what a primary forest contains,” Peres says. 
In Jari and elsewhere, regrowing forests are 
logged within 2 decades, and the plantations 
are cut even more frequently. 

But that hardly makes them worthless. 
Secondary forests can have their own conser- 
vation benefits, says David Lindenmayer of 
Australian National University in Canberra. 
In some places, they provide a buffer around 
protected forests, dampening the impact of 
development and other human activities. 
And secondary forests usually benefit 
species that do best in disturbed areas, 
Lindenmayer notes. 

Furthermore, other species can often do 
just fine with just a semblance of old-growth 
forest structure—an understory and a 
canopy with trees and gaps of various sizes, 
for example. “It’s not actually the whole for- 
est that needs to be [old-growth],” he says. 

As has been shown in temperate and tropi- 
cal forests, foresters can salvage biodiversity 
by retaining some of the largest trees. A few 
giants can have “a big effect on plantations,” 
Lindenmayer points out. Within secondary 
forests, an approach called selective logging — 
where most of the forest is left in place—can 
make a huge difference, says UCLA ecologist 
Stephen Hubbell. If this practice i 
adopted, secondary forest “biodiversity will be 
okay,” he says. 


is widely ; 


Peres’s team hopes to continue working | 


in the Jari area, identifying other ways that 
the biodiversity can be enhanced in the 


plantations. And even though the loss of | 
biodiversity in the plantations is sobering, i 


Barlow says the overall situation in Jari may 
be positive. The Brazilian company that 
owns the land behind Ludwig's grand 
scheme is now making a profit selling pulp 
from the plantations and is only selectively 
logging the primary forest. 

ERIK STOKSTAD 
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a Critical Time for 
African Rainforests 


As threats to the Congo Basin’s vast forests grow, scientists 
race to sharpen assessments and stem destruction 


KINSHASA, DEMOCRATIC REPUBLIC OF THE 
CONGO (DRC)—From a workshop behind 
her house, botanist Terese Hart can glimpse 
log-filled barges churning down the Congo 
River toward a nearby sawmill. Such traffic 
had come to a virtual standstill during the 
nation’s civil conflicts, but now, she the 
“lights are blazing at night” as massive logs 
from the forests of Bandundu and Equateur 
provinces are fed, around the clock, into the 
jaws of giant saws. 

At nearly 2 million square kilometers, the 
Congo River Basin’s dense tropical rainforest 
is second in size only to the Amazon’s. In 
Heart of Darkness, novelist Joseph Conrad: 
who piloted a steamboat on the Congo a cen- 
tury ago—described this impenetrable” 
territory, where “the bi re kings.” 

Although deforestation is a severe problem 
in parts of the continent, central A frica’s rain- 
forests have so far avoided that fate. A recent 
analysis estimated that Africa accounted for 
less than 6% of the total loss of humid forest 
cover during the 1990s, whereas Brazil’s loss 
represented nearly halfof the total. The DRC’s 
remoteness, political instability, bad roads, 
and unnavigable river rapids had helped save 
large tracts of its forests from exploitation. 
But forest degradation has been worsening in 
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other Congo Basin countries, and a combina- 
tion of factors over the past few years— 
including a sharp population spike in the east- 
ern DRC and the mounting Asian interest in 
African timber: 
Conrad’s “kings.” 

The DRC contains more than 60% of the 
basin’s remaining forests, and “the new 
scramble for central African resources, exert- 
ing massive pressures to open up frontier 
areas, has the potential to culminate in a ‘per- 
fect storm,’ ” says William Laurance of the 
Smithsonian Tropical Research Institute 
(STRI) in Panama, who has studied the impact 
of logging on wildlife in several rainforests. 


have raised the ax over 


Wood sale. Local needs for lumber take a toll on 
Congo forests. 
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Congo rapids. Rough water near Kinshasa 
impedes the transport of logs. 


At issue are “the loss of biodiversity, a 
massive waste of forest resources, the decline 
of rainforest people, and—in the long run 


possible climate change,” warns University of 


Kinshasa botanist Constantin Lubini, whose 
garden is an oasis of flowering trees amid the 
dusty chaos of Kinshasa’s Debonhomme quar- 
ter, where vendors sell charcoal along with 
bread and meat. In the region's fast-growing 
cities, the widespread use of charcoal and 
wood for cooking has taken a heavy toll on 
nearby forests. 

Hart, Lubini, and other s from 
big-picture geographers who scrutinize satel- 
lite in to on-site botanists who measure 
every sapling on 40-hectare rainforest plots— 
believe the next few years will be critical in 
determining the future of what is probably the 
least exploited yet most scantily studied of the 
world’s humid forest regions. In conjunction 
with the 6-year-old Congo Basin Forest Part- 
nership (CBI an international association 
of government officials, nongovernmental 
organizations, and conservation experts 
these researchers are now applying satellite 
maps, in-depth forest studies, and other tools 


ientists. 
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to help policymakers limit the sort of large- 
scale deforestation that is now decimating 
rainforests in the Amazon and Far East. 


Eyes in the sky 

Earth-observation satellites have become the 
watchdogs for deforestation in remote areas, 
helping document regions in trouble. At the 
cluttered Kinshasa office of the OCEAN 
(Organisation Concertée des Ecologistes et 
Amis de la Nature) ecology group, director 
René Ngongo negotiates through the crowd— 
from shouting pygmies to low-key forest ana- 
lysts—toward a map taped to the wall. “These 
red spots show what's been destroyed,” he says, 
tapping the satellite-generated map of Congo 
Basin forest change, “but there is still more 
green forest, and we want to keep it that way.” 
The problem is that the map (above) shows the 
forests as of 2000, and the next update won't be 
available until later this year. 

For many technical reasons, remote sens- 
ing of Congo forests has lagged behind stud- 
ies of the Amazon, which “is a much easier 
place to monitor,” says geographer Matthew 
C. Hansen of South Dakota State Univer- 
sity’s Geographic Information Science Cen- 
ter of Excellence in Brookings. Persistent 
cloud cover prevents clear images of some 
Congo Basin areas, requiring far more 
images to be processed. Also, central Africa 
has no dish to receive data; thus, researchers 
get relatively few images from the Landsat 
satellites. And because of a glitch in Landsat 
7, its images have been flawed since 2003. To 
make matters worse, it is far more difficult to 
detect the “selective” logging of just a few 
trees per hectare that is standard in the Congo 
than it is to identify clear-cut areas, typical in 
the Amazon. Forest change “is huge in the 
Amazon,” Hansen says, making it simpler to 
map deforestation. 

To tackle those challenges, North Ameri- 
can and European groups are bringing new 
analyses to bear on impoverished Congo data 
sets. In 2003, the U.S.-funded Central African 
Regional Program for the Environment com- 
missioned Hansen and Christopher Justice of 
the University of Maryland, College Park, to 
produce a decadal deforestation map. It took 
Hansen, Justice, and their team 3 years to 
automate the calibration of the infrequent but 
higher resolution Landsat images with data 
from a lower resolution NASA instrument 
(MODIS) that measures tree cover. This map, 
released last year, shows that much of the for- 
est loss during the 1990s occurred near 
densely populated areas in the eastern DRC, 
along principal rivers, and at the basin’s 
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Deforestation hot spots. Based on satellite images, this map shows that forest loss occurred mainly along 
the Congo River and near the Uganda and Rwanda borders (far right), areas of rapid population growth. 


periphery. Even though the map is already 8 years 
out of date, Ngongo and other Congolese 
activists and officials regard it as a useful 
baseline for further research. 

Meanwhile, a group led by Belgian 
forester Philippe Mayaux of the Joint 
Research Centre's Institute for Environment 
and Sustainability in Ispra, Italy, used a less 
comprehensive “grid sampling” technique to 
parse Congo forest trends across the whole 
basin from the satellite data, In a paper in the 
15 May issue of Remote Sensing of Environ- 
ment, they concluded that the basin’s defor- 
estation rate for the decade ending in 2000 
was nearly 0.2% per year. In addition, the rate 
of forest degradation (thinning of forested 
areas) was 0.1%, The deforestation was low 
compared with the Amazon’s annual rate of 
about 0.5%, but it is still of concern because 
on-the-ground reports indicate that logging in 
the Congo region is escalating. 

Some new data sets also show promise. 
Nadine Laporte, whose teams at the Woods 
Hole Research Center in Falmouth, Massa- 
chusetts, have been studying logging roads 
and biomass in the Congo Basin, says the 
Chinese-Brazilian CBERS satellites may 
offer cost-free data to African institutions. 
Microwave radar imagery from Japanese and 
Canadian satellites is now helping some sci- 
entists better assess forest trends in persist- 
ently cloud-covered coastal areas. And 
Laporte’s group is searching for ways to use 
data from NASA's LIDAR laser-pulse sensor 
to calibrate optical imagery and improve esti- 
mates of forest biomass. 

Perhaps more importantly, French and 


British officials are separately considering 
plans to help build a receiving dish in central 
Africa to acquire and store up-to-date data 
from satellites as they fly over. Without such 
additional data, Hansen says, “you can only do 
accurate update maps for the entire basin every 
3105 years.” Looking forward to such data, the 
University of Maryland’s Paya de Marcken is 
now training central African scientists at a 
new remote-sensing lab at the University of 
Kinshasa to handle incoming images. 


On the ground 

Although the Congo satellite maps are out- 
dated, they drive home the vulnerability of the 
forests. At his office laptop in Kinshasa, Bel- 


gian geographer Benoit Mertens opens a ; 


satellite map, defines a forest area, and 
enlarges the pinpointed section to reveal that it 


is crisscrossed by what he calls “a wishbone | 


pattern” of roads. They are a clear indication 


that the tract is being logged, says Mertens, | 


who works for the World Resources Institute’s 
Global Forest Watch project. Laporte of 
Woods Hole says her group’s analysis of 
Landsat images for evidence of forest roads 


showed considerable logging road construc- 
tion (about 460 kilometers per year) in the | 
north-central DRC (Science, 8 June 2007, | 
p. 1451). And, says Laporte, “you can make a; 
pretty good assessment of the extent and i 


intensity of logging from the road maps.” 


What’s harder to assess is the relative 


impact of industrial versus “informal” (some- 


times illegal) logging. Mertens coordinates a; 


five-country project to monitor the basin’s 
timber industry. The DRC’s 156 logging con- 
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cessions control about 21 million hectares and 
take out about 500,000 cubic meters of timber 
a year. But Mertens and other experts say that 
chainsaw-wielding freelance loggers or farm- 
ers who practice “slash-and-burn” agriculture 
now account for more DRC forest degrada- 
tion than industrial timber operations. 

Informal logging takes place along many 
roads and in the forest fringes, with most of 
the timber used for local fuel or exported from 
the northeastern DRC to nearby Uganda, 
where population increases are driving up 
demand for wood. French forest scientist 
Robert Nasi of the Center for International 
Forestry Research in Bogor, Indonesia, esti- 
mates that Kinshasa alone (with a population 
of 8 million) consumes about 4.5 million 
cubic meters of wood equivalent per year for 
charcoal, “If you consider that all of the major 
cities are using fuel wood or charcoal, it 
dwarfs the selective logging harvest by more 
than an order of magnitude.” 

But Susanne Breitkopf, who monitors 
Congo Basin forests for Greenpeace, con- 
tends that industrial logging “is now the main 
threat to the forest” in some major provinces, 
“not only because of the direct impact of log- 
ging on wildlife and ecosystems but also 
because it acts as a catalyst for further destruc- 
tion, opening once-remote areas to increased 
levels of hunting, settlement, and agriculture.” 


Tracking forest fauna and flora 
Remote-sensing data can provide important 
mapping information, but it takes researchers 
on the ground—in the midst of the forests— 
to shed light on exactly how the Congo 
Basin’s forests are changing and what their 
contribution to the global carbon cycle is. 
Numerous groups are now studying the 
impacts of civil wars, forest degradation, 
mining, and other factors on the region’s 
flora and fauna. 

Some scientists have been tracking the 
fate of animals that live and breed in the 
DRC, from giraffelike okapi to great ap 
Those species may be at greater risk than the 
trees around them. The sharp increase in for- 
est hunting and the bush-meat trade, which 
was exacerbated by the civil conflicts and 
the incursion of logging roads into the deep 
forests, have emptied some landscapes. 
“Mammals are no longer seen along the 
roads in many forests,” observes ecologist 
Julien Punga-Kumanenge, who says that the 
DRC’s bush-meat trade—the world’s most 
extensive—has become so widespread that 
“even big snakes are sold in the markets.” 

Logging itself can lead to wildlife haz- 
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ards as well. In a coastal study that directly 
links logging to endangered marine 
species, a team led by the Smithsonian’s 
Laurance reported this year that many sea 
turtles that are climbing onto Gabon 
beaches to nest “are being tangled, 
impeded, and killed” by thousands of lost 
logs that block the way to traditional nest- 
ing sites, “This is highly relevant because 
the region contains some of the most 
important nesting areas in the world for sea 
turtles, including the critically endangered 
leatherback turtle,” says Laurance. 

Perhaps the longest running research sur- 
vey in the DRC is the Ituri Forest project, part 
of STRI’s Center for Tropical Forest Science 
(CTFS) initiative. Since 1993, Congolese for- 
est scientist Jean-Remy Makana and col- 
leagues have been measuring and assessing all 
the trees and woody vines ina 40-hectare plot, 
part of the 21-site CTFS network that moni- 
tors more than 3 million tropical trees across 
the globe. The Ituri studies have found about 
470 species of trees and shrubs, along with 240 
species of liana (woody vines). “Most of the 


site. Elsewhere, a woman makes charcoal from felled 
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diversity is not in the big-tree category but in 
the ‘treelet’ subcanopy category and in the 
lianas,” says botanist Hart. 

Recent studies of biomass across the CTFS 
sites have indicated that the Congo Basin for- 
est has among the highest carbon content per 
hectare of any rainforest, perhaps because of 
the density ofits flora. Ifthe Ituri site is typical, 
then preservation of the Congo Basin would do 
relatively more to prevent carbon release than 
preserving forests elsewhere, Makana says. 

Such carbon accumulation could provide 
incentives to preserve the DRC’s forests if the 
government allowed local forest inhabitants, 
such as the region’s half-million pygmies, to 
engage in carbon trading. Local groups could 
lease forest tracts from the government and 
then sell “carbon units” valued according to 
the amount of deforestation circumvented. 
These earnings would serve as an alternative 
to logging income. 

Even if the carbon scheme proves unfea- 
sible, an ongoing effort to preserve vast tracts 
of the Congo Basin’s rainforests—focusing 
on a dozen large-scale “landscapes” with a 
total area larger than Texas—is 
showing potential. The Mayaux 
and Hansen studies both indicate 
that the “landscapes” selected by 
CBFP were less affected by 
deforestation and logging 
exploitation, at least through 
2000. Scientists are now studying 
on-the-ground conservation in 
those landscapes. And activists 
such as Hart—who wants a new 
“landscape” designated in the 
central DRC—are calling for 
more stringent protection of bio- 
diversity within them. 

All of these efforts would be 
better off with more science 
behind them, says engineer Som- 
nath Baidya Roy of the University 
of Illinois, Urbana-Champaign, 
who has developed a mathemati- 
cal model to project how defor- 
estation might influence climate 
in key central African parks and 
reserves. He and others are call- 
ing for more extensive land- and 
sky-based data and more intense 
research to improve methods of 
predicting the impacts of defor- 
estation. Says Roy: “We need to 
do the same sort of work in the 
Congo Basin that has been done 
in the Amazon and elsewhere.” 

-ROBERT KOENIG 


Sin tau 


Logged in; burnt out. Stray logs keep a sea turtle from its nesting 
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A logging ban has sltewed a hot spat of China’ s biodiversity to, 
recover from decades of clear-cutting but threats still loom. 


In 1972, Yin Kaipu, then a young ecologist, 
hitched a ride aboard a loaded logging 
a village at the base of the spectacular 
Qionglai Mountain Range in China’s Sichuan 
Province. To keep from falling off, Yin and his 
professor, Liu Zhaoguang of the Chinese 
Academy of Sciences’ Chengdu Institute of 
Biology (CIB) in Sichuan, wrapped their arms 
around the logs as the truck lurched down the 
winding dirt roads to the headquarters of the 
government-run logging company. What they 
saw was disheartening: The mountains along 
the road and close to the village were “shaved 
like a monk’s head,” Yin said, recalling his pro- 
fessor’s dismay at the extensive 
clear-cutting. 

“He knew that many special 
plants were being lost,” a 
with the “habitat of many 
les; Yin. The logging also 
pos threat toa Chinese icon, 
the giant panda (Ailuropoda 
melanoleuca), which lived in 
small, isolated parts of the 
mountains’ dense bamboo 
forests. Decades later, Premier 
Zhu Rongji echoed Liu’s con- 
cern, decrying the Sichuan log- 
gers as “tigers cating the whole 
sheep” when he toured these 
and other ranges in western- 
most Sichuan in 1997. 


spe 


Together, the ranges make up the 700,000- 
square-kilometer Hengduan Mountain 
Region, home to the world’s most biologi- 
cally diverse temperate forest, hosting 40% of 
all of China's plant species. Today, thanks in 
part to efforts by Yin and many others, the 
“logging tigers” have been tamed. After two 
devastating floods, the Sichuan government 
imposed a logging ban in 1998. Much of the 
region is being preserved in parks and 
reserves. And under a national program, local 
farmers are being rewarded for planting trees 
on fragile slopes. 

But Hengduan’s natural forests are not yet 


Hengduan rarities. Ecologist Yin Kaipu fought to preserve the Hengduan’s local plant 
diversity, including the regal lily (right), which has become a prime garden plant. 


Recovering. Now protected, the forested home of 
the giant panda has been coming back. 


out of the woods. The logging ban is due to 
expire in 2010, and economic and population 
pressures still loom as threats to the recovery 
of the region’s forests. What happens to this 
unique ecosystem could be an indicator of the 
prospects for other parts of China that have 
been ravaged by rapid industrialization and 
population growth. “The end of the logging 
was the first step,” says Yin. “The challenge is 
finding a balance between people's needs and 
protecting the forest.” 


Logging legacy 

China’s Hengduan Mountain Region lies 
more than 1500 kilometers southwest of Bei- 
jing. (It is at the epicenter of the devastating 
earthquake that struck Sichuan last month; see 
Science, 23 May, p. 996.) “The Hengduans are 
like islands,” says botanist John Simmons, the 
retired curator of Britain’s Royal Botanic Gar- 
dens, Kew, who has collected extensively in 
the region with Yin. “They're isolated, with 
a range of ecological niches, from lower 
[600 meters] to higher elevations [more than 
6000 meters],” spurring plants “to speciate 
like mad.” They house 3500 endemic species 
of plants, birds, reptiles, amphibians, and 
mammals, including giant pandas. That's 
made this part of China a prime target of 
plant collectors and botanists since the late 
19th century. “Nearly every garden today” has 
aplant from there, says Simmons, most 
ahododendron, primrose, or lily. 

But beginning in the 1950s and intensify- 
ing in the 1970s, loggers devoured the dense 
forests—part of the country’s spurt to become 
an industrialized nation. The clear-cutting, 
which Yin and Liu witnessed throughout the 
Hengduans as they mapped 
and collected the region 
flora, inflicted huge damag 
on the ecosystem. “Without a 
forest to protect the soil, we 
knew a flood would come,” 
says Yin. 

Ultimately, two catastrophic 
floods came, in 1981 and 1998, 
on the upper and lower por- 
tions of the Yangtze River. The 
second flood—a disaster that 
killed more than 1500 people, 
left millions home: and 
cost some $20 billion. 
finally spurred the Sichuan 
government to ban logging 
in its natural forests. The next 
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year, China started to replant and preserve 
forest lands nationwide. These moves were “a 
major milestone,” says ecologist Jianguo 
“Jack” Liu of Michigan State University in 
East Lansing, whose analysis of the recovery 
will soon appear in the Proceedings of the 
National Academy of Sciences. 

However, the damage done before the ban 
was extensive. Some 20% of the region’s 
plant species are now endangered, and much 
of the panda, takin, and golden monkey habi- 
tat was lost to logging. When the clear-cutting 
finally stopped, “roughly 35% to 40% of 
Sichuan’s natural forests were gone,” says 
forest ecologist Mu Changlong, deputy direc- 
tor of the Sichuan Academy of Forestry in 
Chengdu. And in some parts of the province, 
more than 85% of the forest was cut, even in 
places that the government had identified as 
important for soil and water conservation. 
“The timber companies worked in areas 
that were the most accessible, with the larg- 
est trees and most biodiversity,” says Mu. 
“In some places, they logged everything up to 
3000 meters [in elevation].” 

Theoretically, the loggers were supposed to 
be followed close behind by planters. “But the 
loggers were faster, so in many places the clear- 
cuts weren't reforested, and now there are just 
bushes and sword bamboo,” which inhibit the 
growth of the original conifer forest, says Mu. 

Worse, in some areas, such as along the 
Upper Min River in the Hengduan’s Min 
Mountain Range, the vertical terrain was so 
completely deforested and eroded that getting 
anything to grow now is “impossible,” says 
ecologist Wu Ning, CIB’s executive director, 
“We're simply trying to stop the expansion of 
what has become a desert” by building fences 
to keep the soil from sliding into the river, says 
Wu. Sichuan has now reduced its soil erosion 
by 1.5 billion tons, but eroded sediments in the 
Upper Yangtze still clog so much of the river 
that only ships between 5000 and 8000 tons 
can navigate this far upstream. 

Efforts continue, as well, to bring back 
forests. Overall, 143,000 hectares have been 
replanted along the damaged Min River 
gorge, primarily with exotic red pine (Pinus 
tabuliformis), a fast-growing species from 
northern China. But 13,300 hectares of this 
total have been reforested with a CIB- 
recommended mix of native broadleaf and 
coniferous species, as well as exotics, in an 
effort to avoid the health and fire-prone 
problems associated with single-species 
stands, says Yin. And to further relieve the 
pressure on native forests, the government 
plans to plant 2.5 billion trees in plantations 
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this year throughout the country. It wants to 
become self-sufficient in timber by 2050. 
China has also provided economic incen- 
tives to farmers. In 1999, it initiated the 
Grain for Green Program, paying farmers to 
plant trees and shrubs on agricultural land 
with more than a 25-degree slope, with the 
goal of increasing plant cover by 32 million 
hectares by 2010 (Science, 7 December 
2007, p. 1556). “That helped the people, 
especially those who lost jobs because of the 
[logging] ban,” says conservation ecologist 
Ling Lin of the World Wide Fund for Nature 
in Chengdu. And under the 2002 Rural Con- 
tract Law, farmers now own the rights to 
what they grow, which “should help them 
better manage the land in a sustainable man- 
ner,” says Xu Jintao, an economist at Bei- 


China’s treasured forest. The Hengduan Mountain Region contains the 
world’s most diverse temperate forest. 


jing’s Peking University. They can use the 
rights as collateral, pass them on to their chil- 
dren, and even sell them, 

Moreover, in Sichuan, 75,000 square 
kilometers—about 15.5% of the province— 
of the natural forests are now safe in approx- 
imately 150 reserves or provincial and 
national parks, such as Siguniang (Four 
Sisters Mountain) National Park in the 
Qionglai Mountain Range. Two, Wolong 
Nature Reserve and Jiuzhaigou, where 
dense stands of native conifers edge more 
than 100 turquoise-colored lakes, are now 
World Heritage Sites. 


Fragile progress 

But concerns remain. China is now the world’s 
largest manufacturer and exporter of wood 
products and has an enormous demand for the 
raw material. “The price of timber in China 
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has increased two to three times over the last 
5 years,” says Xu. Should the Grain for Green 
Program subsidies end, the temptation to cut 
the trees will be huge, warns Jack Liu. That's 
why, he and others say, China has recently 
extended the program and may do the same 
for the logging ban, at least for the natural 
forests. In the more remote regions of the 
Hengduans, people continue to cut trees for 
fuel and home construction, notes Harvard 
University botanist David Bouffard. 

The preserves themselves are facing 
another threat. “From the first day, these 
parks have been very popular,” says Yin, 
adding that they now draw millions of visi- 
tors annually. “It is too many.” More than 
30,000 tourists can wander through Jiu- 
zhaigou on a single day, despite requests 
from Yin and other ecologists 
to limit that number. “It’s just 
a sea of people at the entry 
gate some mornings,” adds 
Jack Liu, noting that in Jiu- 
zhaigou the only panda 
“sightings” are occasional 
scat. “There are just too many 
people and too much noise,” 
he complains. 

With a government grant in 
hand, Yin is now looking for 
ways to relieve the pressure. 
One solution may come from 
his team’s 2006 proposal to 
connect two of the largest 
panda reserves in the Min 
Mountain Range by restoring 
some 30 to 40 square kilome- 
ters of panda habitat. 

Yin and others are also 
helping the State Forestry Administration 
set zoning limits, denoting some park areas 
for mass tourism and others for more indi- 
vidual experiences such as wilderness back- 
packing, and even closing a few altogether. 
One morning at Siguniang, where a zoning 
system now exists, Yin walked contentedly 
along a boardwalk trail through a wetland 
meadow, pointing out the endemic flowers 
and shrubs he and his professor had col- 
lected more than 30 years ago. On either side 
of the meadow rose snow-capped peaks, 
their flanks thick with the classic mixed for- 
est of western Sichuan. “The logging tigers 
didn’t get this far up the valley because there 
was no road,” says Yin. There is a paved road 
now. But with luck, the zoning system will 
help Siguniang’s forests survive the growing 
number of China’s tourist tigers. 

VIRGINIA MORELL 
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Forests and Climate Change: 
Forcings, Feedbacks, and the 
Climate Benefits of Forests 


Gordon B. Bonan 


The world’s forests influence climate through physical, chemical, and biological processes that 
affect planetary energetics, the hydrologic cycle, and atmospheric composition. These complex and 
nonlinear forest-atmosphere interactions can dampen or amplify anthropogenic climate change. 
Tropical, temperate, and boreal reforestation and afforestation attenuate global warming through 


carbon sequestration. Biogeophysical feedbacks can enhance or dimi 


ish this negative climate 


forcing. Tropical forests mitigate warming through evaporative cooling, but the low albedo of 
boreal forests is a positive climate forcing. The evaporative effect of temperate forests is 
unclear. The net climate forcing from these and other processes is not known. Forests are under 
tremendous pressure from global change. Interdisciplinary science that integrates knowledge of the 
many interacting climate services of forests with the impacts of global change is necessary to 
identify and understand as yet unexplored feedbacks in the Earth system and the potential of 


forests to mitigate climate change. 


orests cover ~42 million km? in tropical, 
Peeves and boreal lands, ~30% of the 
land surface (Fig. 1A). These forests pro- 
vide ecological, economic, social, and aesthetic 
services to natural systems and humankind (/), 
including refuges for biodiversity, provision of 
food, medicinal, and forest products, regulation of 
the hydrologic cycle, protection of soil resources, 
recreational uses, spiritual needs, and aesthetic val- 
ues. Additionally, forests influence climate through 
exchanges of energy, water, carbon dioxide, and 
other chemical species with the atmosphere. 
Forests store ~45% of terrestrial carbon (Fig. 
1B), contribute ~50% of terrestrial net primary 
production (2), and can sequester large amounts 
of carbon annually (Fig, 1C). Carbon uptake by 
forests contributed to a “residual” 2.6 Pg C year | 
terrestrial carbon sink in the 1990s, ~33% of anthro- 
pogenic carbon emission from fossil fuel and land- 
use change (3). Forests have low surface albedo and 
can mask the high albedo of snow (Fig. 1D), 
which contributes to planetary warming through 
increased solar heating of land. Forests sustain the 
hydrologic cycle through evapotranspiration, which 
cools climate through feedbacks with clouds and 
precipitation. The ratio of evapotranspiration to 
available energy is generally low in forest com- 
pared with some crops and lower in conifer forest 
than in deciduous broadleaf forest (Fig. 1E). 
That forests influence climate has long been 
postulated. From the onset of European settle- 
ment of North America, it was believed that clear- 
ing of forests for cultivation, wood products, and 
settlement altered climate (4). Today, scientists 
have a diverse array of methodologies, including 
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eddy covariance flux towers, free-air CO} enrich- 
ment systems, satellite sensors, and mathematical 
models to investigate the coupling between for- 
ests and the atmosphere. It is now understood that 
forests and human uses of forests provide im- 
portant climate forcings and feedbacks (3), that 
climate change may adversely affect ecosystem 
functions (5), and that forests can be managed to 
mitigate climate change (6). What is lacking, how- 
ever, is science that integrates the many interact- 
ing climate services of forests with the impacts of 
global change to inform climate change mitigation 
policy. 

Accordingly, this article reviews biosphere- 
atmosphere interactions in tropical, temperate, and 
boreal forests, Emphasis is placed on biogeo- 
physical processes (albedo and evapotranspiration) 
(7), their comparison with biogeochemical pro- 
(carbon cycle) (8), and alteration of forest- 
here coupling through biogeographical 
processes (land use and vegetation dynamics) (9). 


The Ecology of Climate Models 

The influence of forests on large-scale climate 
is difficult to establish directly through obser- 
vations. Careful examination of climatic data 
can sometimes reveal an ecological influence, 
such as the effect of leaf emergence on spring- 
time evapotranspiration and air temperature. 
Eddy covariance flux towers and field exper- 
iments provide local-scale insight to forest- 
atmosphere interactions, and advances in remote 
sensing science can aid extrapolation of this 
knowledge to larger spatial scales. More often, 
however, our understanding of how forests af- 
fect climate comes from atmospheric models and 
their numerical parameterizations of Earth’s land 
surface (/0). Paired climate simulations. one 


serving as a control to compare against another 
simulation with altered vegetation, demonstrate 
an ecological influence on climate. 

Atmospheric models require fluxes of energy, 
moisture, and momentum at the land surface as 
boundary conditions to solve numerical equa- 
tions of atmospheric physics and dynamics. The 
first generation of land surface parameteriza- 
tions developed in the late 1960s and 1970s used 
bulk aerodynamic formulations of energy ex- 
change without explicitly representing vegetation 
supporting online material (SOM)]. Soil water 
availability regulates latent heat flux, and the hy- 
drologic cycle, when included, was simplified to a 
“bucket” model of soil water. In this approach, 
precipitation fills the soil column up to a specified 
water-holding capacity, beyond which rainfall 
runs off. 

By the mid-1980s, the second generation of 
land surface parameterizations, included the hy- 
drologic cycle and the effects of vegetation on 
energy and water fluxes. These models explicitly 
represent plant canopies, including radiative trans- 
fer, turbulent processes above and within the can- 
opy, and the physical and biological controls of 
evapotranspiration (Fig. 2A). Snow cover, the soil 
water profile, and vegetation influences on the 
hydrologic cycle are also included (Fig. 2B). In 
the mid-1990s, plant physiological theory further 
advanced the incorporation of biological control 
of evapotranspiration in the third generation of 
models. Models now routinely link the biochem- 
istry of photosynthesis with the biophysics of 
stomatal conductance. Leaf photosynthesis and 
conductance are scaled to the plant canopy based 
‘on the optimal allocation of nitrogen and photo- 
synthetic capacity in relation to light availability. 
Simulations with these models have routinely 
demonstrated biogeophysical regulation of cli- 
mate by vegetation through albedo, turbulent 
fluxes, and the hydrologic cycle (10). 

The current generation of models has capa- 
bility beyond hydrometeorology and _incorpo- 
rates ecological advances in biogeochemical and 
biogeographical modeling (/0). Many models 
simulate the carbon cycle (Fig. 2C) and vegeta- 
tion dynamics (Fig. 2D). In these models, the 
biosphere and atmosphere form a coupled system 
whereby climate influences ecosystem functions 
and biogeography, which feed back to affect 
climate. Much of the natural vegetation of the 
world has been cleared for agriculture (Fig, 3D), 
and some models also include land-use change. 


Tropical Forests 

Climate model simulations show that tropical 
forests maintain high rates of evapotranspiration, 
decrease surface air temperature, and increase pre- 
cipitation compared with pastureland (SOM). The 
most studied region is Amazonia, where large-scale 
conversion of forest to pasture creates a warmer, 
drier climate. Surface warming arising from the 
low albedo of forests is offset by strong evapo- 
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rative cooling. Similar results are seen in tropical 
Africa and Asia, and the climatic influence of 
tropical forests may extend to the extratropics 
through atmospheric teleconnections. However, 
forest-atmosphere interactions are complex, and 
small-scale, heterogeneous deforestation may 
produce mesoscale circulations that enhance clouds 
and precipitation. 

Flux tower measurements in the Brazilian 
Amazon confirm that forests have lower albedo 
compared with pasture, greater net radiation, and 
greater evapotranspiration, particularly during 
the dry season (//, 12), producing a shallow, 
cool, and moist boundary layer. Observations 
show that forest transpiration is i 
ing the dry season (11); this is seen also in CO> 
fluxes (/2) and satellite monitoring of vegetation 
(/3, 14), to a greater extent than represented in 
many models. 

‘Tropical forests contain ~25% of the carbon in 
the terrestrial biosphere (Fig. 1B), account for ~33% 
of terrestrial net primary production (NPP) (2), and 
can sequester large amounts of carbon annually (Fig. 
1C). Deforestation released 1.6 Pg C year ' during the 
1990s, chiefly in the tropics (3). Atmospheric analy- 
ses suggest that tropical forests are carbon neutral or 
carbon sinks, which implies offsetting of carbon 
uptake by undisturbed tropical ecosystems (3, 15). 


The net balance among these processes is 
likely a positive benefit that mitigates global 
warming through evaporative cooling and carbon 


sequestration (8), Yet a more complete analysis of 


forest-atmosphere interactions is required. The bio- 
geochemistry of tropical forests and biomass buming 
affects atmospheric chemistry and aerosols, which 
ouds and rainfall (/6). Interannual climate 
variability modulates forest-atmosphere coupling. 
There is net release of carbon from the biosphere to 
the atmosphere during warm, dry El Nifio years, 
seen in high atmospheric CO) growth rates (3), es- 
pecially in the tropics (/7). Drought makes tropical 
forests more susceptible to burning during land 
clearing (/8), However, tropical forest productivity 
may be more resilient to drought than expected (/4). 
‘The future of tropical forests is at risk in a 
warmer, more populous 2Ist-century world. 
Tropical forests are vulnerable to a warmer, drier 
climate (19), which may exacerbate global warm- 
ing through a positive feedback that decreases 
evaporative cooling, releases CO>, and initiates 
forest dieback (20). Loss of natural forests world- 
wide in the tropies during the 1990s was as high 
as 152,000 km? year ! (/), and Amazonian for- 
ests were cleared at a rate of ~25,000 km? year ' 
(19). Such land-use pressures are expected to 
continue in the future and may shift the Amazo- 


SPECIALSECTION 


nian region to a permanently drier climate once a 
critical threshold of clearing is reached. 


Boreal Forests 

Climate model simulations show that the low sur- 
face albedo during the snow season, evident in 
local flux measurements (2/) and satellite-derived 
surface albedo (Fig. 1D), warms climate com- 
pared to when there is an absence of trees (SOM). 
Consequently, the boreal forest has the greatest 
biogeophysical effect of all biomes on annual 
mean global temperature (7). Loss of boreal for- 
est provides a positive feedback for glaciation (22), 
whereas forest expansion during the mid-Holocene 
6000 years ago amplified warming (23). 


Boreal forests differ in their partitioning of 


net radiation into sensible and latent heat fluxes. 
Conifer forests have low summertime evapora- 
tive fraction (defined as the ratio of latent heat 
flux to available energy) compared with decid- 


uous broadleaf forests, producing high rates of 


sensible heat exchange and deep atmospheric 
boundary layers (2/). Flux tower measurements 
illustrate the potential for changes in species 
composition, arising from change in the fire 
regime, to affect climate (24). Along an 80-year 
fire chronosequence in Alaska, annual net radi- 
ation declined by 31% at a 3-year-old postbum 
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Fig. 1. Biogeochemical (carbon) and aetisiea — and evapo- 
transpiration) processes by which terrestrial ecosystems affect climate (SOM). 
(A and B) Geographic extent and total (plant and soil) carbon stock of 
nonforest (green) and forest (blue) biomes (2). Individual forest biomes are 
also shown and sum to the forest total. (C) Net ecosystem production (NEP) for 
tropical, temperate, and boreal forest (47). Individual symbols shown mean 
NEP for humid evergreen tropical forest, three types of temperate forest, and 
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Canopy resistance (s m') 


three types of boreal forest. Vertical bars show NEP averaged across forest 
types. (D) Satellite-derived direct-beam albedo for snow-covered and snow- 
free nonforest (green) and forest (blue) biomes (48). Also shown are individual 
forest biomes. (E) Evapotranspiration normalized by its equilibrium rate in 
relation to canopy resistance for wheat, corn, temperate deciduous forest, 
boreal jack pine conifer forest, and oak savanna (49, 50). Shown are individual 
data points and the mean for each vegetation type. 
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Fig. 2. The current generation of climate models treats the biosphere and 
atmosphere as a coupled system. Land surface parameterizations represent 
the biogeophysics, biogeochemistry, and biogeography of terrestrial 
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These 


site dominated by grasses and a 15-year-old 
aspen (Populus tremuloides) forest compared 
with an 80-year-old black spruce (Picea mariana) 
forest, primarily in spring and summer. Annual 
sensible heat flux decreased by more than 50% 
compared with the 80-year site, mostly in spring 
and summer. During summer, the aspen forest 
had the highest latent heat flux, lowest sensible 
heat flux, and lowest midday Bowen ratio 
(defined as the ratio of sensible heat flux to 
latent heat flux). 
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Boreal ecosystems store a large amount of 
carbon in soil, permafrost, and wetland (2) and 
contribute to the Northem Hemisphere terrestrial 
carbon sink (3), although mature forests have low 
annual carbon gain (Fig, 1C), The climate forcing 
from increased albedo may offset the forcing 
from carbon emission so that boreal deforestation 
cools climate (8), Similar conclusions are drawn 
from comprehensive analysis of the climate forc- 
ing of boreal fires (25). The long-term forcing is a 
balance between postfire increase in surface 
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are the core biogeophysical processes. Many models also include (C) the 
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to 
climate change. Some models also include (E) land use and (F) urbanization to 
represent human alteration of the biosphere. 


albedo and the radiative forcing from greenhouse 
gases emitted during combustion. Averaged over 
an 80-year fire cycle, the negative forcing from 
surface albedo exceeds the smaller positive bio- 
geochemical forcing. Yet in the first year after 
fire, positive annual biogeochemical forcing from 
greenhouse gas emission, ozone, black carbon 
deposited on snow and ice, and aerosols exceeds 
the negative albedo forcing. 

Boreal forests are vulnerable to global warming 
(5). Trees may expand into tundra, but die back 
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along southem prairie ecotones. In the main boreal 
forest, there may be loss of evergreen trees and a 
shift toward deciduous trees. Siberian forests may 
collapse in some areas and become more evergreen 
in the north, Increased disturbance from fire or insect 
outbreaks will shift the forest to a younger age class. 
Climate forcing arising fiom younger stand age may 
be comparable to that arising from biome shifis (24). 


Temperate Forests 


Much of the temperate forests of the eastem 
United States, Europe, and eastern China have 
been cleared for agriculture (Fig. 3D). Croplands 
have a higher albedo than forests (Fig. 1D), and 
many climate model simulations find that trees 
warm surface air temperature relative to crops 
(SOM). Masking of snow albedo by trees is impor- 
tant in cool temperate climates with snow. Studies 
of easter United States forests find that trees also 
maintain a warmer summer climate compared with 
crops because of their lower albedo, augmented by 
evaporative cooling from crops and feedbacks 
with the atmosphere that affect clouds and pre- 
cipitation (26). The influence of crops on evapo- 
transpiration is seen in flux tower measurements. 
Growing season evaporative cooling is greater over 
watered crops compared with forests, and these 
plants exert less evaporative resistance (Fig. IE). 
Although global climate models find that tem- 
perate forests in the eastem United States warm 
summer temperature (26), mesoscale model sim- 
ulations of the July climate of the United States 
find that trees increase evapotranspiration and de- 
crease surface air temperature compared with crops 
(27, 28). Atmospheric feedbacks that alter cloud- 
iness affect the magnitude of the temperature re- 
sponse in these simulations. Flux tower analyses 
show that conifer and deciduous broadleaf forests 
in North Carolina have lower surface radiative 
temperature than grass fields because of greater 
aerodynamic conductance and evaporative cooling 
of trees compared with grasses (29), but the same 
may not pertain to cropland (Fig. 1). 
Interannual climate variability affects biosphere- 
atmosphere coupling. In westem Europe, forest and 
agricultural land have comparable surface radiative 
temperature when soil is moist but respond difler- 
ently to drought (30). Forest maintains green vegeta- 
tion, as indicated by the normalized difference 
vegetation index, although surface temperature 
and sensible heat flux increase with drought. Vege- 
tation greenness in cropland declines by ~50%, 
the surface warms 13°C more than in forest, and 
the drought enhancement in sensible heat flux is 
greater than for forest. The different response to 
drought arises from the deep roots of trees and 
their access to deeper reservoirs of soil water. 
Temperate forests hold ~20% of the world’s 
plant biomass and ~10% of terrestrial carbon 
(Fig. 1B). Carbon sequestration rates of mature 
forests are high (Fig. 1C), but temperate forests in 
the United States historically have been carbon 
sources because of deforestation (3/). Socioeco- 


www.sciencemag.org SCIENCE VOL 320 


nomic trends in reforestation and fire suppression 
have shifted these forests to a carbon sink. Similar 
trends are seen in Europe (3). 

The net climate forcing of temperate forests 
is highly uncertain, Competing biogeophysical 
forcings from low albedo during winter and evapo- 
transpiration during summer influence annual mean 
temperature (7). Higher albedo with loss of forest 
cover could offset carbon emission so that the net 
climatic effect of temperate deforestation is negli- 
gible (8), or reduced evapotranspiration with loss 
of trees could amplify biogeochemical warming. 

The future of temperate forests and their 
climate services is highly uncertain. The present 
carbon sink in eastern United States forests is 
likely to decline as recovering forests mature (3/), 
and these forests face uncertain pressure from cli- 
mate change, atmospheric CO; increase, and an- 
thropogenic nitrogen deposition (5). Change in 
the balance between deciduous and evergreen 
trees is likely in the future. Temperate forests are 
particularly vulnerable to human land use. The 
trend over the past several decades has been 
toward farm abandonment, reforestation, and 
woody encroachment from fire suppression, but 
meeting the needs of a growing global population 
could place greater pressures on these forests. 


Carbon Cycle Feedbacks 


The carbon cycle has long been recognized as im- 
portant for understanding climate change. Climate 
models that include the terrestrial and oceanic car- 
bon cycle simulate a positive feedback between the 
carbon cycle and climate warming that increases the 
airbome fraction of anthropogenic CO, emission 
and amplifies warming (3, 32). In a comparison of 
11 models of varying degrees of complexity, carbon 
cycle-climate feedbacks increase atmospheric CO> 
at the end of the 2st century by 4 to 44% (multi- 
model mean, 18%), equivalent to an additional 20 
to 224 (parts per million) (ppm) (multimodel mean, 
87 ppm) (3). Analyses of observed atmospheric 
CO, concentrations indicate that such a decline in 
the efficiency of the carbon cycle to store anthro- 
pogenic CO, in ocean and land is occurring, and to 
a greater extent than estimated by models (33), 
Much of the model uncertainty arises from the 
terrestrial biosphere (3, 32). Plants respond to rising 
atmospheric CO, through photosynthetic enhan 
ment, and this “CO, fertilization” is a negative feed- 
back to higher atmospheric CO, concentration. In 
the multimodel comparison, land carbon storage in- 
creases with higher atmospheric CO, in all models, 
driven by a 12 to 76% increase in NPP with CO, 
doubling (multimode! mean, 48%), offset slightly 
by enhanced heterotrophic respiration (3). Free-air 
CO) enrichment studies in forests find that a ~S0% 
increase in atmospheric CO, concentration sustained 
‘over several years enhances NPP by 23% (3+), but the 
Jong-term outcome is unclear, especially when inter- 
actions with nitrogen availability are considered (5). 
Climate change reduces carbon storage from 
CO) fertilization. Terrestrial carbon storage declines 
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with warming in the 11 models (multimode! mean, 

79 Pg C °C''), but this varies greatly among 
models (3). Soil carbon tumover rate increases by 
2 to 10% °C in all models in a positive climate 
feedback (multimodel mean, 6% °C), Terrestrial 
NPP decreases by up to -6% °C" in seven models 
(multimodel mean, -3% °C") and increases by 1 to 
2% °C"! in four models. Climate change can en- 
hance NPP (negative feedback) in boreal forests 
where temperature increases and decrease NPP 
(positive feedback) in tropical forests where greater 
evaporative demand dries soil (35). 

Ecological responses to climate change alter the 
biogeophysical functioning of forests and also pro- 
vide climate feedback. These “indirect” carbon cycle 
feedbacks include changes in stomatal conductance, 
leaf area index, and species composition. Decreased 
stomatal conductance with higher atmospheric CO> 
concentration reduces evapotranspiration and rein- 
forces warming (SOM). More extensive tree cover 
may enhance warming in boreal forests by decreas- 
ing surface albedo, Reduced evapotranspiration in a 
drier climate may initiate a positive climate feedback 
leading to loss of tropical forest (20). 


Land-Use Forcing 


Although carbon emission from forest clearing 
has long been studied, only recently has the 
biogeophysical forcing of climate from land use 
been recognized. Vast tracts of forestland have 
been converted to agriculture (Fig. 3D), and cli- 
mate warming over the industrial era may be 
smaller than that expected from rising atmospher- 
ic CO; alone, primarily from increased spring 
albedo with loss of extratropical forests (36). 
Carbon emission from land use dampens 
biogeophysical cooling, The dominant compet- 
ing signals from historical deforestation are an 
increase in surface albedo countered by carbon 
emission to the atmosphere. Biogeophysical cool- 
ing may outweigh biogeochemical warming at the 
global scale (37) or may only partially offset 
warming (38). The net effect of these competing 
processes is small globally but is large in tem- 
perate and high northem latitudes where the cool- 
ing due to an increase in surface albedo outweighs 
the warming due to land-use CO, emission. 
Climate trends over the 21st century, too, should 
be driven by interactions among CO) emission, land 
use, and forest-atmosphere feedbacks, The biogeo- 
physical land-use forcing of climate may in some 
regions be of similar magnitude to greenhouse gas 
climate change. The Intergovemmental Panel on. 
Climate Change (IPCC) Special Report on Emission 
Scenarios (SRES) A2 narrative storyline has high 
CO, emission (SOM), and climate model simu- 
lations of Feddema et al. (39) produce 2°C warming 
of planetary temperature over the 21st century in the 
absence of land cover change. The A2 storyline de- 
scribes widespread agricultural expansion with most 
land suitable for agriculture used for farming by 
21100 to support a large global population (fig. $1). 
Forest loss leads to additional warming in Ama- 
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Fig. 3. Climate services in (A) tropical, (B) temperate, and (C) boreal forests. Text boxes indicate key processes with uncertain climate services. (D) Natural vegetation 
biogeography in the absence of human uses of land and cropland (percent cover) during the 1990s. Vegetation maps are from (51). 


zonia, but cooling that mitigates warming in mid- 
latitudes (39), The BI narrative storyline is a low 
greenhouse gas emission scenario, Farm abandon- 
ment and reforestation yield loss of farmland by 
2100 because of assumed increases in agricultural 
efficiency and declining population (fig, $1). The 
model simulates 1°C warming in the absence of 
land cover change and weaker land-use forcing. 
When the carbon cycle is included. the dif- 
ferent SRES storylines of fossil fuel emission and 
land use may yield similar 21st-century climates 
despite vastly different socioeconomic trajectories 
(9). Widespread expansion of agriculture in A2 
leads to biogeophysical cooling. Biogeophysical 
processes lead to warming in B1, primarily because 


of temperate forest regrowth. In the A2 and BI 
storylines, net carbon loss from deforestation causes 
biogeochemical warming, greatest in A2 because of 
extensive deforestation and weaker in BI because 
of temperate reforestation and less tropical de- 
forestation. Biogeochemical warming offsets bio- 
geophysical cooling in A2 to provide net global 
warming, The BI net warming is similar to A2 
because moderate biogeophysical warming from 
temperate reforestation augments weak biogeo- 
chemical warming from tropical deforestation. 


Research Needs 
‘Through albedo, evapotranspiration, the carbon cy- 
cle, and other processes, forests can amplify or damp- 


en climate change arising from anthropogenic 
greenhouse gas emission. Negative climate forcing 
in tropical forests from high rates of carbon accue 
mulation augments strong evaporative cooling (Fig. 
3A). The combined carbon cycle and biogeophys- 
ical effect of tropical forests may cool global cli- 
mate, but their resilience to drought, their status as 
carbon sinks, interactions of fires, aerosols, and 
reactive gases with climate, and the effects of small- 
scale deforestation on clouds and precipitation are 
key unknowns. The climate forcing of boreal forests 
is less certain (Fig. 3C). Low surface albedo may 
outweigh carbon sequestration so that boreal forests 
warm global climate, but the net forcing fiom fire 
must also be considered, as well as effects of dis- 
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turbance and stand age on surface fluxes. The cli- 
mate benefit of temperate forests is most uncertain 
(Fig. 3B). Reforestation and afforestation may se- 
quester carbon, but the albedo and evaporative fore- 
ings are moderate compared with other forests and 
the evaporative influence is unclear. 

Much of our knowledge of forest influences on 
climate, and our ability to inform climate change 
mitigation policy, comes from models. Models of 
climate and the biosphere are abstractions of com- 
plex physical, chemical, and biological processes 
in the Earth system. Extrapolation of process-level 
understanding of ecosystem functioning gained 
from laboratory experiments or site-specific field 
studies to large-scale climate models remains a 
daunting challenge. Biosphere models must be 
better constrained with observational data across a 
range of scales from in situ experimentation, flux 
tower measurements of ecosystem functioning, eco- 
logical syntheses of long-term ecosystem research, 
satellite monitoring of vegetation, and atmospheric 
monitoring of CO. Synthesis of flux tower data 
from a variety of boreal, temperate, and tropical 
regions in various stages of ecosystem development 
is essential to understand the functioning of forests 
across wide gradients of climate, soils, disturbance 
history, and plant functional types (40). Large-scale 
monitoring of Northem Hemisphere “greening” (41) 
or the response of vegetation to drought (42) provide 
essential tests of model response to perturbations. 
Global atmospheric CO, analyses provide key con- 
straints to biospheric functioning to augment process- 
level model validation at specific locales (/5). 

Global models of the biosphere-atmosphere sys- 
tem are still in their infancy, and processes not yet 
included in the models may initiate unforeseen feed- 
backs. The effect of nitrogen on carbon uptake (43), 
physiological effects of high ozone concentration 
(44), photosynthetic enhancement by diffuse radiation 
(45), and disturbance (46) are poorly represented, 
if atall, Realistic depictions of vegetation dynamics, 
especially the time scales of vegetation response to 
disturbance, long a mainstay of forest ecosystem 
modeling, are barely considered in the current gen- 
eration of models. Nor are fires, aerosols, and reac- 
tive chemistry well represented in the models. 

The carbon cycle and its response to multiple 
interacting drivers of global change is a key aspect 
of the biospheric forcing of climate. So, too, are 
human uses of land and the socioeconomic trends 
and societal responses to a changing climate that 
drive land use. What are the greatest uncertainties 
in simulating the carbon cycle of the 21st century? 
The prevailing paradigm of current models is that 
CO); fertilization drives terrestrial carbon sinks, 
weakened by global warming (3, 32). This carbon 
cycle-climate feedback will almost certainly be 
refined with further studies that incorporate the ni- 
trogen cycle. Accounting for disturbance from wild- 
fires and insect outbreaks further weakens terrestrial 
carbon sequestration in Canadian forests (46). Tra- 
{jectories of land use driven by socioeconomic needs 
and policy implementation will also come into play 
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and have competing biogeophysical and biogeo- 
chemical impacts on climate (9). 

As the climate benefits of forests become better 
understood, land-use policies can be crafted to mi 
gate climate change (6). It has been inferred, for ex- 
ample, that tropical afforestation is likely to “slow 
down” global warming, whereas temperate affores- 
tation has “little to no” climate benefit and boreal 
afforestation is “vounterproductive” (8), These poli- 
cies must recognize the multitude of forest influences, 
their competing effects on climate, their different 
spatial and temporal scales, and their long-term ef- 
fectiveness and sustainability in a changing climate. 

An integrated assessment of forest influences 
entails an evaluation beyond albedo, evapotranspi- 
ration, and carbon to include other greenhouse 
gases, biogenic aerosols, and reactive gases. The 
geographic impact of these processes varies, as 
does their time scale of climate forcing. Greenhouse 
gases are well mixed in the atmosphere and influ- 
ence global climate; biogeophysical feedbacks have 
a regional impact. Biogeophysical processes influ- 
ence climate more immediately than does the car- 
bon cycle. Slow rates of carbon accumulation in 
boreal forest may in the short-term be offset by more 
rapid albedo effects. How forests attenuate or am- 
plify climate change will vary with global warming. 
Vegetation masking of snow albedo becomes less 
important in a warmer world with less extensive 
snow cover. The evaporative cooling of forests de- 
clines if droughts become more common, The in- 
terrelatedness of climate change science, climate 
impacts on ecosystems, and climate change mitiga- 
tion policy requires that these be studied together in 
an interdisciplinary framework to craft strong 
science in the service of humankind. 
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Forests in Flux 


PERSPECTIVE 


Forests of the Past: 


A Window to Future Changes 


Rémy J. Petit,“?* Feng Sheng Hu,” Christopher W. Dick*> 


The study of past forest change provides a necessary historical context for evaluating the outcome 
of human-induced climate change and biological invasions. Retrospective analyses based on 
fossil and genetic data greatly advance our understanding of tree colonization, adaptation, and 
extinction in response to past climatic change. For instance, these analyses reveal cryptic refugia 
near or north of continental ice sheets, leading to reevaluation of postglacial tree migration rates. 
Species extinctions appear to have occurred primarily during periods of high climatic variability. 
Transoceanic dispersal and colonization in the tropics were widespread at geological time scales, 
inconsistent with the idea that tropical forests are particularly resistant to biological invasions. 


philosopher and naturalist, “change is the 
only constant in nature.” Trees are orga- 
nisms of exceptional size and longevity, and are 
symbols of stability and resilience in the living 
world. Yet, trees are no exception to Heraclitus’ 
tule, Their ranges have been and continue to be 
extremely dynamic. In some parts of the world, 
tree species have started to shift their distributions 
in response to anthropogenic climatic warming 
(J, 2). Given the long generation time of trees, 
and possible migrational lags, these shifts fore- 
shadow the more pronounced future changes. 
Knowledge of past forest change can inform 
current predictions and conservation options. 
Paleo-studies offer abundant evidence for cli- 
matic changes and vegetation shifts at various 
spatial and temporal scales. During the Quater- 
nary period (roughly 1.8 million years ago to the 
present), glacial-interglacial climatic variations 
occurred as a result of changes in controlling 
factors such as Earth’s orbital parameters, con- 
tinental ice sheets, sea-surface temperature, and 
atmospheric CO. concentration. Abrupt climatic 
events at much shorter time scales have also 
occurred (3), some of which have pronounced 
magnitudes and rates (e.g., temperature shifis of 
up to ~10°C within a few decades during the 
last glacial-interglacial transition in some areas). 
Networks of fossil pollen and plant macrofossils 
show that in response to these climatic fluctua- 
tions, the biosphere has experienced dramatic 
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changes, with large-scale species’ range shifts, 
population contractions and extinctions, as well 
as aggregation and disassociation of forest com- 
munities, At low latitudes, forests experienced al- 
titudinal shifis and range fragmentation, although 
many tropical and subtropical tree species we 
see today persisted in the same region through 
glacial and interglacial intervals (4). At mid- 
latitudes, forest development after the end of 


the last glaciation involved species reshuffling, 
changes in relative abundances, and local and 
permanent extinctions (5, 6), Forests in high- 
latitude regions became established within the 
Holocene (past 11,600 years) as a result of pop- 
ulation invasions from southem glacial refugia 
into previously ice-covered terrains and local 
expansions of small tree populations that sur- 
vived the Last Glacial Maximum (~20,000 years 
ago) in “cryptic refugia” (7, 8). 

A key recent development in studies of past 
vegetation is the fusion of genetic and fossil data, 
Fossil records are indispensable for vegetation 
reconstruction and can help constrain inferences 
of historic events from genetic data. But fossil 
records rarely offer any information on population- 
level processes (¢.g.. founder events, migration 
of specific lineages). Geographic pattems of DNA 
polymorphisms are traces, albeit often some- 
what fuzzy, of such processes. When fossil and 
genetic data are combined, much information can 
be acquired about the whereabouts of small pop- 
ulations during the last glaciation and the trajec- 
tories of postglacial population spread (Fig. 1). 
Recent studies that applied this integrative ap- 
proach have offered new insights. For example, 
some temperate and boreal trees apparently sur- 
vived the Last Glacial Maximum in periglacial 


Fig. 1. Migration timing (isochrone curves) and routes (arrows) of Pinus in Europe inferred from 
paleobotanical and modern genetic data. The red, light green, and dark green arrows correspond 
to the migration routes for different maternal lineages of Pinus sylvestris (8). 
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Fig. 2. Sparsely distributed spruce considered to be analogous to glacial-refuge populations. DNA and 
fossil pollen data suggest that such small populations survived the Last Glacial Maximum in Alaska and 
that they were important for boreal-forest development after the end of the last glaciation (7). 


environments probably tens of kilometers from ice 
sheets (8, 9) and even in ice-free areas north of ice 
sheets (7). Thus, it appears that small populations 
of trees can endure extreme climatic conditions for 
tens of thousands of years (Fig. 2). 

However, these studies also imply that the ca- 
pacity of trees to keep up with the rate of future 
warming is probably more limited than suggested 
by previous estimates from fossil data. Extremely 
fast tree migrations during the early Holocene were 
inferred from the fossil records of certain tree spe- 
cies, on the assumption that northem refugia did 
not exist during the Last Glacial Maximum (5, 0). 
On the basis of more recent fossil and DNA 
studies, it appears that the actual rates may be an 
order of magnitude lower, eg., <100 miyear for 
two North American deciduous tree species (//). 
‘These estimates are far below what would be nec- 
essary for species migration to tack future climatic 
warming (3000 to 5000 nvycar), raising interest 
in the possibilities of “assisted migration”—the 
translocation of populations to areas where future 
climate might be favorable. 

The role of adaptive responses to climatic 
change has rarely been considered in interpret- 
ing Quaternary paleoecological records, because 
of the perception that evolution occurs more 
slowly than climatic change (/2). At the DNA- 
sequence level, evolution of trees is indeed ex- 
ceptionally slow, in line with their exceptional 
longevity, but their high genetic diversity and 
large population sizes do allow rapid adaptive 
responses, within one or a few generations (/3). 
There is therefore a growing recognition that short- 
term evolutionary responses of trees should be ac- 
counted for in models of forest dynamics (12). 

Although local evolutionary responses to 
climate change are likely to have occurred with 
high frequency, there is no evidence for change 
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in the absolute climate tolerances of species (/4). 
Thus, future extinctions of tree species in re- 
sponse to climate change are probable, especially 
if their geographic distribution or climatic range 
is already highly restricted. Here again, the retro- 
spective approach could be illuminating, Europe 
lost at least 89 tree genera during the climatic 
transitions of the Late Tertiary to the Quaternary 
(15), A key question is whether past extinctions 
took place during glacial or interglacial periods. 
If extinctions had taken place mostly during 
interglacial periods, this would support pessi- 
mistic views of the consequences of future global 
warming on population and species survival. 
However, extant Asian and American congeners 
of extinct European tree species are less cold- 
tolerant than currently widespread European trees 
(16). This suggests that most extinction events 
took place during glacial rather than interglacial 
periods, In contrast, a 320,000-year history of 
vegetation and climate in Hungary showed that 
species extinctions clustered near times of high 
climate variability (/7), This interpretation is 
consistent with the case of a now-extinet North 
American spruce, Picea critchfieldii, which was 
abundant during the Last Glacial Maximum but 
vanished during the last deglaciation, at a time 
of rapid climate change (/8). 

The retrospective approach also provides a 
context for understanding species invasions re- 
sulting from human activities. Invasive trees (i.¢., 
“tree weeds.” such as pines escaped from plan- 
tations in the Southern Hemisphere) have caused 
damages to ecosystems worldwide, especially 
(but not only) in originally treeless areas (/9), In 
contrast to the assumption that tropical forests 
are particularly resistant to invasions, invasions 
tum out to be frequent in these regions over 
geological times scales as a result of “sweep- 
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stakes dispersal,” the dispersal of species across 
wide physical barriers such as oceans (20). For 
instance, sweepstake dispersal of the wind- 
dispersed rainforest kapok tree, Ceiba pentandra, 
was inferred on the basis of DNA-sequence phylo- 
geography and molecular clock methods: African 
populations established through oceanic dispersal 
from Neotropical sources at least 13,000 years 
before the present (2/), Many other tropical tree 
taxa are shared across the Atlantic. Although 
these forest similarities were previously attributed 
to Gondwana vicariance, molecular phylogenet- 
ic studies point to a predominant role of oceanic 
dispersal in establishing this range disjunction. 
In an Amazon forest inventory plot in Ecuador, 
at least 21% of the tree species (232 out of 1104) 
were derived from clades that had arrived in 
South America via long-distance dispersal (20). 
Thus, natural invasions of trees explain some of 
the similarity between tropical forests across con- 
tinents, contradicting the idea that diversity could 
provide sufficient protection against invasions. 
Evaluating the frequency and consequences of 
sweepstakes dispersal into different communities 
could help predict the consequences of modem 
invasions into more or less “naive” floras charac- 
terized by different levels of endemism, 

Many lessons can be drawn from the study 
of past forest change, and our ability to acquire 
such knowledge is improving thanks in partic- 
ular to the interactions between paleoecologists 
and geneticists. The integration of paleoclimate 
data, fossil records, and genealogical analyses 
within a hypothesis-testing modeling framework 
represents a particularly fruitful direction (8, 22). 
However, novel climates will appear, leading to 
“no-analog” communities (23), which may limit 
the retrospective approach discussed here. Indeed, 
while no-analog communities are well documented 
in the paleorecord (4), they cannot offer a direct 
guide to what we may have in stock for the future 
because the combinations of climate and other 
drivers (e.g. human land use) differ drastically be- 
tween the past and the future, Nonetheless, these 
unique paleo-communities, when coupled with pa- 
leoclimate information, provide a way to examine 
climate-species relationships outside the modem 
realm and should help validate ecological models 
for simulating future changes. 
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Predictive Models of Forest Dynamics 


Drew Purves? and Stephen Pacala* 


Dynamic global vegetation models (DGVMs) have shown that forest dynamics could dramatically alter 
the response of the global climate system to increased atmospheric carbon dioxide over the next 
century. But there is little agreement between different DGVMs, making forest dynamics one of the 
greatest sources of uncertainty in predicting future climate. DGVM predictions could be strengthened by 
integrating the ecological realities of biodiversity and height-structured competition for light, facilitated 
by recent advances in the mathematics of forest modeling, ecological understanding of diverse 

forest communities, and the availability of forest inventory data. 


here are approximately a trillion canopy 
| trees on Earth (/) from around 100,000 
species (2). The trees store approximately 
as much carbon as is currently in the atmosphere, 
and forest ecosystems harbor two-thirds of ter- 
restrial biodiversity (3). The challenge of predic- 
tive forest modeling is to forecast how this 
collection of trees will develop in the future, in 
response to the many perturbations to which it is 
being subjected, including deforestation, logging, 
pollution, nitrogen deposition, the loss of polli 
nating and seed-dispersing animals, and the ef- 
fects of increased atmospheric CO, both direct 
(the job of a leaf is to convert CO, into plant 
material) and indirect (altered climate). 

The most exciting recent advance in forest 
modeling has been the appearance of dynamic 
global vegetation models (DGVMs), which 
simulate the distribution, physiology, and bio- 
geochemistry of forests and other vegetation at 
global scales, under present, historic, or simu- 
lated future climates (4). DGVMs have shown 
that future changes in global forest carbon storage 
could greatly affect the response of Earth’s climate 
system to anthropogenic CO} emissions over the 
next century (5). However, because DGVMs 
were developed recently, with limited informa- 
tion, their predictions are currently highly un- 
certain (Fig. 1), making vegetation dynamics one 
of the largest sources of uncertainty in Earth sys- 
tem models. Reducing this uncertainty requires 
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work on several fronts. For example, physiolog- 
ical parameters need to be better constrained with 
data (6), and we need better models of distur- 
bances, including fire (7) and land-use change 
(8). But more fundamental improvements could 
be achieved by incorporating the ecological real- 
ities of biodiversity and competition for light. A 
recent explosion in forest inventory data might 
make this possible. 

The only reason to build a trunk—to become 
a tree—is to overtop your neighbors and capture 
light before they do. This game-theoretic com- 
petition for resources is responsible for the enor- 
mous amounts of carbon stored in living trees 
and in undecomposed organic matter and fossil 
fuels, most of which began as wood. Foresters 
and forest ecologists have developed individual- 
based, height-structured models that can ac- 
curately predict productivity (9) and species 
composition (/(). At every turn, these have re- 
vealed nonlinearities in forest dynamics caused 
by competition for light. For example, increased 
growth leads to increased overtopping, which 
increases mortality, which increases forest carbon 
loss; with the functions at each stage being non- 
linear. In contrast, current DGVMs reduce whole 
forested regions to the total biomass in compart- 
ments (such as leaves, roots, and trunks), with 
simple phenomenological rules for how the car- 
bon generated from photosynthesis is allocated 
to, and lost from, these compartments. Moreover, 
competition among species [or at least among 
plant functional types (PFTs)}, which needs to be 
represented to predict biome boundaries, fol- 
lows rules with weak empirical support that 
differ among models (11). 
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Therefore, DGVMs could be substantially 
improved by basing them on the height-structured 
models developed by foresters and forest ecolo- 
gists. But because these models are individual- 
based, this would require simulating every tree on 
Earth, which would be immensely computation 
ally demanding. A more efficient approach would 
be to derive so-called macroscopic equations to 
scale correctly from the parameters governing in- 
dividual trees to the dynamics of forested regions, 
in the same way that the Navier Stokes equations 
scale correctly from molecular motion to fluid dy- 
namics. Recent progress implies that macroscopic 
equations will soon form the basis of DGVMs. 
Moorcroft ef al. (12) introduced a demographic 
method to scale up individual-based forest mod- 
els, which has since been used to provide tractable 
macroscopic equations to scale from trees to stands 
and to scale from stands to forests (/3). 

Macroscopic equations will allow global sim- 
ulations of individual-based forest models, but 
here arises the problem of biodiversity. The (ap- 
proximately) 100,000 tree species vary hugely in 
properties that drive the carbon cycle, such as 
growth, mortality, decomposition of dead wood, 
and their dependency on climate. Because of a 
lack of appropriate data or theory, current DGVMs 
reduce biodiversity to a small number of PFTs, 
within which all parameters are constant. The 
PFTs represent simple morphological and bio- 
geographical aggregations, such as broadleaf ver- 
sus needleaf or tropical versus temperate. But 
these aggregations are unlikely to be optimal for 
capturing the effects of biodiversity on dynami 
because the among-species differences within 
PFTs dwarf the average difference between them. 
For example, the PFT temperate deciduous broad- 
leaf contains the northernmost tree species (Arctic 
birch) along with subtropical oaks; and evergreen 
needleleaf contains cold-adapted spruces and firs 
and heat-adapted pines. Even within a forest com- 
posed of a single PFT, species parameters typically 
vary by an order of magnitude (/4). Moreover, the 
mix of species, and hence parameters, found at a 
given location is strongly correlated with climate 
(/5), with obvious implications for modeling the 
climate dependency of forest dynamics. By ignoring 
most biodiversity, DGVMs could be overestimating 
the strength of some climate responses because they 
fail to account for the fact that deleterious effects 
can be mitigated by increases in those species best 


13 JUNE 2008 VOL320 SCIENCE www.sciencemag.org 


adapted to the new conditions (/6). But they could 
be underestimating other responses; for example, in- 
creased temperature could both increase the growth 
of extant trees and select for warm-adapted species, 
which have higher growth rates (/7). 
‘Therefore, there is a need for a sub- 
stantial increase in the amount of 
biodiversity represented in DGVMs. 

However, adding biodiversity 
and height-structured competition 
into DGVMs would increase the 
complexity of models that are al- . 
ready severely underconstrained. =~ 
DGVMs contain large numbers of 
parameters, which are hand- 
selected from literature values in 
order to qualitatively match model 
predictions to sparse observations 
of ecosystem fluxes (such as pro- 
ductivity) and states (such as biome 
boundaries). Physiological parame- 
ters are beginning to be objectively 
estimated with measurements from 
flask networks and eddy-covariance 
flux towers (6). But these data con- 
tain almost no information about the 
long-term dynamics of individuals, 
populations, or communities. Luck- 
ily, these dynamics are recorded in 
a kind of data that has become much 
more available recently. Forest in- 
ventories consist of sample plots 
within which trees are measured 
regularly (about every Sto 10 years). 
The measurements are low-tech: 
for example, stem diameter, species, 
alive or dead. But the sample sizes 
are large, running into millions of 
trees in some cases (8, 19). The 
few published biogeochemical analyses of forest 
inventory data have yielded results with major im- 
plications for our understanding of the global car- 
bon cycle (8-20), 

‘To constrain DGVMs, the tree-level measure- 
ments in forest inventories could simply be 
summed to provide long-term average carbon 
dynamics to compare with DGVM predictions, 
But this approach discards most of the infor- 
mation in the data. In contrast, if DGVMs were 
based around models of individual trees, the 
individual growth and mortality records could be 
used to directly estimate key tree-level parame- 
ters; although few if any inventories contain suf- 
ficient information to estimate all parameters, 
because they lack measurements of (for example) 
light, belowground carbon, nutrients, and seed 
dispersal. In the low-diversity boreal and temper- 
ate zones, the abundance of inventory data might 
be sufficient to estimate parameters for every 
dominant tree species. In addition to improving 
predictions for the carbon cycle, this might allow 
realistic predictions for particular species; for 
example, climate-induced shifts in species ranges, 
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which to date have been predicted using only 
correlative methods (2/). 

In high-diversity forests, species-specific pa- 
rameterization is not feasible, Instead, species need 
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the continuous approach extends naturally to include 
parameter variation within species. These approaches 
correspond closely to the discrete and continuous 
lumping techniques used to model heterogeneous 


systems of chemical reactions (23). 
All of the above add up to a 
major scientific challenge. We have 
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proven individual-based, height- 
structured models which, using new 
scaling methodologies, could be im- 
plemented at global scales. We are 
beginning to understand the trade- 
off structure of forest communities 
sufficiently to capture the effects of 
biodiversity on forest function. And 
for the first time, we have millions 
of observations of individual trees 
with which to constrain the structure 
and parameters of global models. 
If these pieces could be put togeth- 
er properly, the result could be a 
new generation of ecologically real- 
istic, better-constrained DGVMs. 


to be aggregated to reduce the number of parameters 
to be estimated. And although any such aggregation 
must result in a loss of biological information, evi- 
dence suggests that, with the correct aggregation, 
this loss could be minimal. This is because wher- 
ever parameters have been estimated for different 
tree species, they have been found to be subject 
to life history wadeofls: strategic axes appearing 
as among-species correlations in parameters (22). 
Moreover, similar tradeoffs appear to be structuring 
different forest communities, such as the shade- 
tolerance spectrum from fast-growing, short-lived 
pioneers to slow-growing, long-lived species (22). 
These tradeoffs imply that most of the effects of 
biodiversity would be retained in models that re- 
duced the state of a forest to the distribution of 
individual trees along tradeoff axes, regardless of 
taxonomic identity. Such models could capture the 
effects of biodiversity on select aspects of forest 
function (such as carbon dynamics), either by de- 
fining a new set of PFTs spread optimally along the 
axes or by treating the distribution of species as a 
continuum. Either approach would require fewer 
data than species-specific parameterization (/4), and 


Fig. 1. DGVMs have shown that the terrestrial biosphere could be crucial in 
determining the future of Earth’s climate. But this figure [from (5)] shows how 
divergent the predictions of DGVMs currently are. For comparison, current anthro- 
pogenic COz emissions are 7.6 + 0.6 Gt of carbon/year. True DGVMs, with a 
responsive global distribution of PFTs, are labeled (5). The remainder have a dynamic 
carbon cycle but a fixed distribution of PFTs. Some of the variation in Fig. 1 results 
from different climate models, but a large spread was also seen when different 
DGVMs were run uncoupled from global climate models under a common, fixed 
climate trajectory (71). LLNL, Lawrence Livermore National Laboratory climate model; 
BERN-CC, Bern carbon-cycle climate model; CLIMBER2-LP], Climate-Biosphere model, 
coupled to the Lund-Potsdam-Jena DGVM; UVic-2.7, University of Victoria Earth 
system climate model, version 2.7; UMD, University of Maryland coupled carbon- 
climate model; HadCM3LC, Hadley Centre coupled climate-carbon cycle model. 4 
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A benchmark of success for this 
endeavor might be that forest dy- 
namics are no longer one of the 
major sources of uncertainty in pre- 
dicting the future of Earth’s climate. 
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Reducing Greenhouse Gas Emissions 
from Deforestation and Forest Degradation: 
Global Land-Use Implications 


Lera Miles* and Valerie Kapos*? 


Recent climate talks in Bali have made progress toward action on deforestation and forest degradation 
in developing countries, within the anticipated post-Kyoto emissions reduction agreements. As a result 
of such action, many forests will be better protected, but some land-use change will be displaced to 
other locations. The demonstration phase launched at Bali offers an opportunity to examine potential 
outcomes for biodiversity and ecosystem services. Research will be needed into selection of priority 
areas for reducing emissions from deforestation and forest degradation to deliver multiple benefits, 
on-the-ground methods to best ensure these benefits, and minimization of displaced land-use change 
into nontarget countries and ecosystems, including through revised conservation investments. 


ropical deforestation makes a major con- 
tribution to emissions of greenhouse gases, 
I especially if the additional emissions from 
subsequent land use are counted (/). The United 
Nations Framework Conver on Climate 
Change (UNFCCC) is considering the introduc- 
tion of a financial mechanism to reduce emis- 
sions from deforestation and forest degradation 
(REDD) in developing countries. Many environ- 
mentalists have welcomed this initiative because 
it may direct substantial new resources to tackling 
this issue (2-5), A REDD mechanism would 
probably credit entire nations, rather than indi- 
vidual projects, for their achievements in reduc- 
ing deforestation. However, there is ongoing 
debate and hence much uncertainty about the 
form of the mechanism, including issues such 
as the deforestation baseline to be used, the role 
of developing countries that have a low recent 
rate of deforestation, and the protocols for mea- 
surement and validation of emissions reductions. 
The UNFCCC’s Conference of Parties (CoP) in 
December 2007 established indicative guidance 
for a demonstration (pilot) phase in the period to 
2012. This focuses on emissions measurement 
and explicitly includes forest degradation, resolv- 
ing one hotly debated issue. The form of any final 
mechanism will affect the area and location of 
encompassed and thus the scope for co- 
s biodiversity conservation, live- 
lihoods, and watershed protection) to result, It is 
widely anticipated that negotiations for the next 
emissions reduction agreement will be completed 
at the fifteenth CoP in December 2009. If 
agreement is reached, then a major new driver 
for forest conservation may be bom. 
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There is some controversy over how REDD 
should be funded, Some of the national parties to 
the UNFCCC wish to see the issue tackled through 
a traditional grant funding mechanism. Others, led 
by the Coalition of Rainforest Nations, seek an 
eventual market-based mechanism, on the basis 
that carbon is one of the more easily marketable 
ecosystem services (4, 6, 7). This may generate 
more funds over a longer time scale. A trading 
mechanism would allow developing countries to 
sell carbon credits on the basis of successful re- 
ductions in emissions from deforestation and forest 
degradation, to help developed countries achieve 
stringent emissions targets. Such credits would 
probably relate to national-scale emissions rather 
than being attached to individual sites, although 
discussions continue on the precise details. 

Any such mechanism would generate signif 
icant additional funding to reduce deforestation 
rates in developing countries, One estimate, based 
on a relatively low carbon price of U.S. $10 per 
ton and an estimate of individual countries’ ability 
to slow deforestation, suggests a potential market 
of U.S, $1.2 billion a year (2); a more recent 
estimate suggests that U.S. $10 billion may be a 
realistic figure (8), These are large sums in com- 
parison with current investment in forest protec- 
tion. For example, World Bank funding directed 
biodiversity conservation and related 
s in 2002 totaled U.S. $257 million (9), In 
the mid-1990s, total protected area expenditure in 
the developing world was estimated at U.S. $695 
million annually; not exclusively invested in for- 
ests (/0). In contrast, forestry exports from the 
developing world were worth over U.S. $39 bil- 
lion in 2006 (1). By generating an income of the 
same order of magnitude, REDD could provide 
strong incentives for forest conservation. 

These resources mean that the scale of inter- 
vention being discussed under the UNFCCC is 
truly huge, but few decision-makers are aware of 
the full breadth of its implications. It was initially 


assumed by many that the effects of REDD on 
forest-related livelihoods and conservation would 
only be positive, and it is certainly true that many 
s, ecosystems, and ecosystem services will 
benefit. However, it is unlikely that an intema- 
tional mechanism under UNFCCC will explicitly 
support forest ecosystem services other than car- 
bon storage, and its implementation may generate 
pressures that adversely affect other ecos 
It is crucial that dec recognize and 
plan for potential risks as well as benefits from 
the resulting effects on land use. 

REDD is unlikely to benefit all forests equally. 
For REDD to make a successful contribution to 
combating climate change, countries implement- 
ing it will have to target threatened forests with a 
total high volume of carbon in their biomass and 
soils (72, /3). Although individual sites would 
not be “marketed” within most proposed REDD. 
mechanisms, countries will still be implementing 
ms at a site scale. Priority areas for 
tackling deforestation to reduce emissions will 
not always reflect other forest values (e.g., con- 
ivelihoods support, or delivery of fresh 
water). Some sites may be less valuable from a 
carbon perspective but of high priority for other 
reasons. The need for additional resources to 
prevent deforestation at such sites will vary de- 
pending on the carbon price, the carbon content 
of the ecosystem, and the cost of avoiding de- 
forestation (Fig. 1). Where the combination of the 
first two factors outweighs the latter, resources 
from REDD should be sufficient to enable forest 
retention. In some parts of the world, estimates of 
opportunity cost for REDD are very low. Lower 
costs and/or higher carbon prices could combine 
to protect more forests, including those with lower 
carbon content. Conversely, where the cost of 
action is high, a large amount of additional fund- 
ing would be required for the forest to be protected. 

The limited funds available for conservation 
will need to be carefully targeted in this context. 
To conserve the diversity of ecosystems and their 
related species and services, it may be more effi- 
cient to focus conservation funds on nonforest eco- 
systems and low-carbon forests rather than on forests 
covered by the new mechanism (Fig. 2). This 
would require revision of organizational and national 
investment strategies. The delay between planning 
and action means that these issues should be consid: 
ered long before any mechanism comes into effect. 

One obvious risk associated with REDD is the 
displacement of pressures, resulting from continuing 
demand for food, timber, and increasingly biofuels, 
to ecosystems perceived to contain low carbon levels. 
‘The least-productive forest ecosystems may become 
the most threatened simply because they are the 
only remaining accessible source of land and forest 
products. Other areas experiencing increased pressure 
could include nonforest ecosystems such as savannas 
or wetlands and forests in tropical countries not par- 
ticipating in REDD (Fig. 2). The demand for timber 
from temperate and boreal forests may also increase, 
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Additional resources 
required to avoid 
deforestation 


Tons of carbon/ha 


Fig. 1. Under any REDD scheme, the income 
generated will depend upon the total carbon 
stocks retained (solid line). Although the cost of 
avoiding deforestation (dotted line) will vary 
with location, it is not necessarily related to 
carbon stocks. Forests in the blue area of the 
chart contain insufficient carbon to enable avoided 
deforestation based on REDD funds alone. The need 
for additional resources to tackle deforestation 
within a national REDD scheme will vary depend- 
ing on the carbon price, the carbon content of the 
ecosystem, and the cost of avoiding deforestation. 
As the cost of REDD and the carbon price vary, 
the ratio between the two shaded areas will change. 


REDD funds 


—— 


Top priority 
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required) 
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Other 

ecosystem 

values, €.9. 

livelihoods, | 
water, 


(or SFM) funding 
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areas are typically successful in reducing defor- 
estation, other approaches, including sustainable 
forest management, will sometimes be more 
effective in delivering a full range of benefits. 
Management strategies need to be designed to 
address local needs and deforestation drivers. 

To maximize the benefits of REDD and reduce 
any risks, it is important to prioritize investment, 
both among and within countries, Various global 
conservation priorities have already been identified, 
each favoring different aspects of biodiversity (/6). 
A simple approach would be to identify areas of 
high value for carbon and for biodiversity at either 
scale, However, it is also essential that deforestation 
pressure and the cost of preventative action are 
taken into account, because the primary motiva- 
tion is to reduce annual greenhouse gas emissions 
from this sector, Multicriteria analysis is therefore 
required, incorporating the degree of pressure and 
cost as well as the forest values (/7). Some initial 
analysis using a national-scale biodiversity index 
has been undertaken (78), but data specific to forest 
biodiversity would yield more relevant results. 

‘A more comprehensive analysis to produce an 
optimized allocation of REDD and conservation 
funds within or even among tropical forest countries 
is technically feasible. Such analysis would allow 
the placement of each land unit within a framework 
like that shown in Fig. 2. Depending on the carbon 

price and the baseline rate of de- 

forestation, this would help to 
1 identify those areas naturally cov 
ered by the mechanism, those 
requiring additional resources if 
they are to benefit from the mech- 
anism, and the “losers,” sites that 
are most at risk of loss or degra- 
dation as the result of pressures 
displaced by the mechanism. 
‘These may become new priorities 
for conservation and sustainable 
forest management, 

It is crucial that feasibility 
studies and efforts to ready topi- 
cal forest countries for REDD take 
account of the context (resources 
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governmental Panel on Climate Change (IPCC) 
guidance, parties do not need to report emissions 
from forest areas designated as undisturbed (/3). 
This leads to a risk of unrecorded anthropogenic 
carbon losses, such as those resulting from illegal 
logging or land clearance. The guidance also offers 
default values for accounting of soil carbon to 30. cm 
depth, which will certainly underestimate the effects 
of clearing tropical swamp forests, where peat depth 
can reach 20 m (/9), and losses from drainage and 
fire can have substantial impacts on carbon storage. 

Ifa REDD mechanism comes into operation, a 
shift in funding policies may be indicated to ensure 
that conservation investment is spread over the range 
of ecosystems not covered by REDD finding. Al- 
though many of these issues have been raised within 
the UNFCCC-mediated discussions, their implica- 
tions for conservation investment merit attention in 
the world outside these carbon-focused negotiations. 
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Another risk is that REDD implementation 
may be imperfect. Having planned for carbon 
savings and cobenefits from reduced deforest- 
ation, it is necessary to ensure that these are 
delivered. Considerable effort has been devoted 
to identifying the factors that influence the suc- 
cess of formally protected areas in limiting de- 
forestation and in supporting and improving 
livelihoods, but it is often difficult to draw firm 
conclusions [e.g., (/4, /5)]. Although protected 
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ment. Methods for assessing their 

effectiveness, including the degree 

of displacement (leakage) of land-use change wit 
and between countries, are urgently needed. It is 
vital to develop robust monitoring and reporting 
methods for quantifying cobenefits and assessing the 
impacts on them of changes in forest management 
and of any leakage into nontarget ecosystems. 
These data would help identify REDD methods 
that were most successful in delivering cobenefits. 
‘There is a further need to test the agreed emis- 
sions reporting guidelines. Under current Inter- 
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Managing Forests for 
Climate Change Mitigation 
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Forests currently absorb billions of tons of CO, globally every year, an economic subsidy 

worth hundreds of billions of dollars if an equivalent sink had to be created in other ways. 
Concerns about the permanency of forest carbon stocks, difficulties in quantifying stock 
changes, and the threat of environmental and socioeconomic impacts of large-scale reforestation 
programs have limited the uptake of forestry activities in climate policies. With political will and 
the involvement of tropical regions, forests can contribute to climate change protection through 
carbon sequestration as well as offering economic, environmental, and sociocultural benefits. 

A key opportunity in tropical regions is the reduction of carbon emissions from deforestation 


and degradation. 


nents of the global carbon cycle in at least 

two ways. First, terrestrial ecosystems re- 
move nearly 3 billion tons of anthropogenic 
carbon every year (3 Pg C year ‘) through net 
growth, absorbing about 30% of all CO2 emis- 
sions from fossil fuel burning and net deforest- 
ation (/, 2). Forests are major contributors to 
this terrestrial carbon sink and its associated 
economic benefits (/). Second, 4 billion hec- 
tares of forest ecosystems (4 = 10° Mha; about 
30% of the global land area) store large 
reservoirs of carbon, together holding more than 
double the amount of carbon in the atmosphere 
(3, 4). Although the climate protection role of 
forests is in no doubt, it is complex to determine 
how much of the forest carbon sink and reser- 
voir can be managed to mitigate atmospheric 
CO; buildup, and in what way. 

A first approximation to the upper limit of 
carbon sequestration on land is the carbon 
emitted from historical land transformation, 
about 200 Pg C, mostly from the conversion of 
forests to nonforest land cover. Assuming that 
three-fourths of this carbon came from forest 
conversion and can be returned by reforestation 
over the next 100 years, the resulting potential 
sequestration of about 1.5 Pg C year ' would 
reduce the atmospheric CO, concentration by 
40 to 70 parts per million by 2100 (5). How- 
ever, the achievable sequestration is only a 
fraction of this potential because of competing 
land needs (agriculture, bioenergy, urban- 
ization, and conservation) and sociocultural 
considerations. 

Four major strategies are available to miti- 
gate carbon emissions through forestry activ- 


Fe ecosystems are important compo- 
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ities: (i) to increase forested land area through 
reforestation (6), (ii) to increase the carbon den- 
sity of existing forests at both stand and 
landscape scales, (iii) to expand the use of forest 
products that sustainably replace fossil-fuel CO> 
emissions, and (iv) to reduce emissions from 
deforestation and degradation. 

Estimates covering a range of carbon prices 
suggest that reforestation could average 0.16 to 
1.1 Pg C year ' to 2100 (7-9) with land re- 
quirements up to 231 Mha. In one of the most 
comprehensive synthesis efforts undertaken so 
far, the Fourth Assessment of the Intergov- 
emmental Panel on Climate Change estimated 
that an economic potential of 0.12 Pg C year ' 
could be reached by 2030 at U.S. $20 per ton of 
CO;, and more than 0.24 Pg C year! at U.S. 
$100 per ton of CO (/0, 11). Land trans- 
formation requirements are large; for example, 
China has used 24 Mha of new forest planta- 
tions and natural forest regrowth to transform a 
century of net carbon emissions in the forest 
sector to net gains of 0.19 Pg C year | (3, 12), 
offsetting 21% of Chinese fossil fuel emissions 
in 2000, 

Net carbon sequestration can also be 
achieved by increased forest carbon density, 
through both stand-scale management and 
landscape-scale strategies such as longer 
harvesting cycles or reduced disturbances, Fire 
suppression and harvest exclusion in U.S. 
forests during the 20th century, although not 
implemented for the purpose of carbon seques- 
tration, led to a 15% (8.1 Pg C) increase in 
forest biomass between 1927 and 1990 (/3). 
The overall biophysical potential of manage- 
ment activities to increase carbon density can 
be substantial and comparable to that of 
reforestation (/0). 

Joint use of carbon sequestration and the 
provision of forest-derived products (e.g., tim- 
ber and biomass for energy) will optimize the 


contribution of forestry in climate mitigation. 
Such options are particularly attractive in tem- 
perate regions where land availability is limited 
by high prices and strong competition with other 
land uses (Fig. 1). Although complexities in 
quantifying the net carbon benefits of some of 
these activities may limit their role in global 
carbon markets, they will have a place in na- 
tional mitigation strategies, particularly when 
used synergistically with goals and policies 
other than climate mitigation. For instance, fire 
reduction policies that require the removal of 
undergrowth and occasional thinning can con- 
tribute to production of bioenergy. 

Finally, reducing deforestation has high po- 
tential for cost-effective contributions to cli- 
mate protection. Currently, 13 Mha year ! are 
deforested, almost exclusively in tropical re- 
gions, with net emissions of 1.5 Pg C year! 
(2, 3). Reducing rates of deforestation by 50% 
by 2050. and stopping deforestation when 
countries reach 50% of their current forested 
area, would avoid emissions equivalent to 50 
Pg C (/4). This “50:50:50:50” estimate shows. 
that even with continuing deforestation over 
the next 40 years, the mitigation potential is 
large, in addition to protecting the sink capac- 
ity of forest for continued removal of atmo- 
spheric CO>. 

Combining all forestry activities together, 
there is economic potential to achieve 0.4 Pg C 
year ' by 2030 using carbon sequestration and 
avoidance at U.S. $20 per ton of CO , and 
double this amount for prices under U.S. $100 
per ton of CO. (/0). These levels of carbon 
sequestration, of which one-third to one-half 
would be through avoided deforestation, could 
offset 2 to 4% of the 20 Pg C year ' of projected 
emissions by 2030 on the basis of current 
growth rates (2, /5). Tropical regions would 
account for 65% of the total offset (/0). 

Climate mitigation through forestry carries 
the risk that carbon stores may return to the 
atmosphere by disturbances such as fire and 
insect outbreaks, exacerbated by climate ex- 
tremes and climate change. A recent increase in 
areas affected by wildfires and insect outbreaks 
has driven Canadian forests from a CO, sink 
(before 2000) to a source expected to continue 
for at least the next two to three decades (/6), 
Similarh ased forest biomass in the west- 
ern United States caused by fire suppression 
and reduced harvesting rates over the past 
century is now threatened by a factor of 4 in- 
crease in fire frequency due to longer and 
hotter dry seasons (/7). These new patterns of 
disturbances are reshaping the view held in the 
past that vast forest resources anywhere would 
always play a major role in climate mitigation. 

There is indeed uncertainty about the future 
size and stabi of the terrestrial carbon sink 
and stock. Most global coupled climate-carbon 
models show carbon accumulation during this 
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century, largely aided by the fertilization effect 
of increasing atmospheric CO, (/8). However, 
there are large uncertainties in the magnitude of 
the CO, fertilization effect (/9), and vulnerable 
regions with large carbon stores have been 
identified that could lead to the release of 
hundreds of Pg C by the end of this century 
(20); these include peat swamp forests in 
Southeast Asia where climate models uniquely 
agree on a future drying trend (2/), further 
stressing the need for conservation and reduced 
human impacts. 

Although sequestering carbon in forests is 
good for the climate, forests also affect bio- 
physical properties of the land surface such as 
sunlight reflectivity (albedo) and evaporation, 
with further implications for radiative forcing 
of climate. Climate models suggest that large 
reforestation programs in boreal regions would 
have limited climate benefits because of the 
substitution of bright snow-dominated regions 
for dark forest canopies (22, 23). Conversely, 
the climate benefits of reforestation in the trop- 
ics are enhanced by positive biophysical changes 
such as cloud formation, which further reflects 
sunlight. These patterns of full radiative forcing 
reinforce the large potential of tropical regions 
in climate mitigation, discourage major land 
use changes in boreal regions, and suggest avoid- 
ing large albedo changes in temperate regions 
to maximize the climate benefits of carbon 
sequestration. 

Forestry, and reforestation in particular— 
like any large-scale transformation of land use 
patterns—can lead to unintended environmental 
and socioeconomic impacts that could jeopar- 
dize the overall value of carbon mitigation pro- 
jects. Concems include decreased food security, 
reduced stream flows, and loss of biodiversity 
and local incomes (24). However, well-directed 
carbon sequestration projects, along with the 
provision of sustainably produced timber, fiber, 
and energy, will yield numerous benefits, in- 
cluding additional income for rural development, 
prospects for conservation and other envi- 
ronmental services, and support for indigenous 
communities (J0, 25). Principles of sustain- 
ability must govern the resolution of trade-offs 
that may arise from ancillary effects in order to 

i ly maximize climate change pro- 
tection and sustainable development. 

The challenges facing sustainable mitiga- 
tion through forestry activities, anywhere but 
particularly in the tropics, are surmountable 
but large. They include the development of 
appropriate governance institutions to manage 
the transition to new sustainable development 
pathways. An example of this difficulty is the 
lack of a sustainable tropical timber industry 
despite two decades of national and interna- 
tional efforts. Currently, only 7% of all tropical 
timber trade comes from sustainably managed 
forests (26). 
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The potential of carbon sequestration will 
depend on the degree to which climate pro- 
tection and ancillary benefits are aligned. The 
magnitude of this potential will be increased 
by high carbon prices driven by aggressive 
emission reduction targets, and by the political 
will to include forestry activities as part of 
mitigation portfolios. Sustainable involvement 
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Fig. 1. Plantations of Pinus radiata and Eucalyptus nitens in Gippsland (Victoria, Australia). 


of tropical regions is essential to take up the 
full global potential for climate change miti- 
gation through forestry. 
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Despite continued forest conversion and degradation, forest cover is increasing in countries 
across the globe. New forests are regenerating on former agricultural land, and forest 
plantations are being established for commercial and restoration purposes. Plantations and 
restored forests can improve ecosystem services and enhance biodiversity conservation, but will 
not match the composition and structure of the original forest cover. Approaches to restoring 
forest ecosystems depend strongly on levels of forest and soil degradation, residual vegetation, 
and desired restoration outcomes. Opportunities abound to combine ambitious forest 
restoration and regeneration goals with sustainable rural livelihoods and community 
participation. New forests will require adaptive management as dynamic, resilient systems 

that can withstand stresses of climate change, habitat fragmentation, and other anthropogenic 


effects. 


forest succession is a stochastic process 
Fess from the behavior of com- 

ponent populations and species. Yet, 
restoration ecologists tend to view forest com- 
munities as tightly integrated biological sys- 
tems, using metaphors for organismal health 
and development to describe the state of forests 
throughout the world. Forests are “declining,” 
exhibit “arrested development,” are “infested” 
with invasive species, and may require active 
“rehabilitation.” Although many principles of 
restoration ecology derive from insights into 
successional change, guided reconstruction of 
forests should be clearly distinguished from the 
natural processes of forest succession, which 
are not prescribed or directed by humans and 
often exhibit divergent and unpredictable path- 
ways (1). 

Both of these processes—assisted restora- 
tion and uni ied forest regencration—are 
gaining momentum across the world. As a re- 
sult, global assessments show a recent decline in 
the net rate of forest loss from 1990 to 2000 and 
from 2000 to 2005 (2). Although the global de- 
forestation rate remains high, 13 million ha/year, 
forest cover in 18 countries has begun to in- 
crease, owing to both afforestation (tree plant- 
ing on previously unforested land) and natural 
regeneration (2). Natural forests expanded in 
Bhutan, Cuba, Gambia, Puerto Rico, St. 
Vincent, and Vietnam from 1990 to 2005, fol- 
lowing earlier forest transitions in six European 
nations and the USA during the 19th and early 
20th centuries (3, 4). These increases, however, 
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do not necessarily reflect increasing biomass or 
carbon sequestration (3). For developing coun- 
tries, the Food and Agriculture Organization of 
the United Nations (FAO) requires a minimum 
of only 10% forest cover for land to be clas- 
sified as forest (4), a criterion that would satisfy 
few forest-dwelling species. Moreover, forest 
assessment data provide no insights into the 
recovery of forest biodiversity or ecosystem 
services lost because of forest conversion or 
degradation. In many cases, these figures re- 
flect the widespread establishment of planta- 
tions, which currently constitute about 4% of 
total forest area globally. Rates of planting of 
forests and trees are increasing by 2.8 million 
ha/year, for purposes of production, as well as 
for conservation and restoration (2). In China 
alone, 28 million ha of plantations were estab- 
lished from 2001 to 2007 (5). Commercial for- 
est plantations can potentially play a role in 
landscape restoration and faunal conservation, 
if they are managed as components of a heter- 
ogeneous landscape mosaic (6, 7). Unfortu- 
nately, forest cover statistics do not clearly 
reveal changes in the status of degraded s 
ondary and heavily logged forests, which will 
not recover on their own (8, 9). As classified by 
FAO, these forests constitute 60% of forest area 
globally (2 

Wherever actions are taken to promote for- 
est restoration and regeneration, new forests 
emerging in human-impacted landscapes will 
not match the original old-growth forests in 
species composition (/0). But forest restoration 
can restore many ecosystem functions and re- 
cover many components of the original bio- 
diversity. Approaches to restoring functionality 
in forest ecosystems depend strongly on the 


initial state of forest or land degradation and the 
desired outcome, time frame, and financial 
constraints (Fig. 1). Restoration approaches 
should take into account the spatial distribu- 
tion, abundance, and quality of residual vege- 
tation, a strong indicator of the potential for 
natural regeneration (//). Just as forest eco- 
system processes decline in a stepwise fashion 
with increasing human impacts (/2), restora- 
tion approaches can “elevate” a degraded or 
completely altered forest ecosystem to a higher 
level of the restoration staircase (Fig. 1). Ri 
lamation may be the only viable option for 
restoring some levels of biodiversity and eco- 
system services in former coal or bauxite min- 
ing operations, where abiotic factors, such as 
soil removal or toxic substrata, limit establish- 
ment and growth of native vegetation (/3). In 
areas with degraded soils, rehabilitation through 
planting of carefully selected exotic or native 
trees can improve soil fertility and restore pro- 
ductive agricultural use, while offering little en- 
hancement of biodiversity. Where agricultural 
land use has been less intensive and nearby 
forest patches and faunal dispersal agents can 
ensure diverse seed rain, the most rapid and least 
costly path toward restoring forests is through 
unhindered natural regeneration (//, /4). After 
30 to 40 years, natural regeneration following 
abandonment of pasture and cofiee plantations 
produced secondary forests in Puerto Rico with 
biomass, stem density, and species richness sim- 
ilar to the island's mature forests (/5). Direct 
seeding and planting seedlings or saplings in 
regenerating forests can hasten recovery of spe- 
cies composition (/4, /5). In sites at interme- 
diate levels of degradation, where soils are intact 
but diverse seed sources are lacking, reforesta- 
tion with native species, agroforestry, and 
assisted natural regeneration can augment bio- 
diversity and ecosystem services, while also 
providing income for rural livelihoods. Such 
plantings can be incorporated—along with natu- 
ral regeneration—into management of buffer 
zones and biological corridors to enhance land- 
scape connectivity and landscape-level bio- 
diversity (/6). 

In both developed and developing coun- 
tries, forests are being restored by local com- 
munities, as well as through state and national 
programs. Forest rehabilitation projects in the 
Philippines, Peru, Indonesia, China, North 
Vietnam, and the Brazilian Amazon River 
basin promote community organization and 
improvement of rural livelihoods (/7). Local 
knowledge of tree characteristics, planting of 
diverse species of ecological and economic 
importance, and integration of rehabilitation 
programs with regional development strategies 
are essential elements of restoration success 
(/7). Communities from 12 villages in Phuc 
Sen in Northwestem Vietnam organized to re- 
store limestone forests degraded in the 1960s 


13 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org 


and 1970s by excessive fuelwood and timber 
extraction. Through planting indigenous tree 
species and fostering natural regeneration, for- 
ests are being restored, water is again flowing 
to lowland rice fields, and over 30 species of 
rare or endemic indigenous mammals are re- 
turning to the area (/8). In the Shinyanga re- 
gion of Tanzania, large areas of 

dense acacia and miombo wood- 


land were cleared by 1985, High 
transforming the landscape into 
semidesert. The HASHI pro- 
gram helped local people from 
833 villages to restore 350,000 ha __ Biodiversity 
of acacia and miombo woodland — ggoepetem 
through traditional pastoralist services 
practices in only 18 years (/9). 

Experimental research is re- 
quired to determine the most 

Low 


appropriate path toward restora- 
tion. In many cases, passive 
methods can achieve greater 
success than intensive interven- 
tions and are far less costly (/3). 
In the northwest Czech Repub- 
lic, unassisted succession led to 
more successful restoration of 
species richness in mine spoils 
after 20 to 30 years than in tech- 
nically reclaimed treatments, 
where organic amendments stimulated the 
growth of weeds and inhibited establishment 
of target species (/3). Restoration techniques 
involving plowing and mechanical planting 
may actually slow regeneration of seasonal 
deciduous forests in Brazilian Cerrado (20). 
There are few rigorous, replicated studies of 
the effects of different restoration treatments 
(including unassisted natural regeneration) that 
account for previous land use, soils, proximity 
to seed sources, and age since abandonment 
(20). At what position along a forest degrada- 
tion gradient does “accelerating successit 
through planting trees achieve faster recovery 
of forest structure and composition compared 
with unassisted regeneration? This question is 
challenging to address, as the effects of man- 
agement will vary with the spatial scale of 
restoration, as well as with synergistic effects 
of biotic and abiotic stresses from climate 
change, invasive species, and altered plant- 
animal relationships (/0, 13). 

Large-scale forest restoration presents com- 
plex and poorly understood implications for 
the structure and composition of future forests. 
landscapes, and fauna. Will widespread planta- 
tions of a small number of native species—an 
increasingly popular form of forest restoration 
in tropical regions—increase biotic homogeni- 
zation and decrease genetic diversity of planted 
species (Fig. 2)? Monoculture tree plantations 
may also facilitate establishment of invasive 
species and increase susceptibility to species- 


dation of an 
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specific pathogens (/0). Interventions to pro- 
mote rapid carbon sequestration through tree 
plantations will increase the regional abun- 
dance of fast-growing, disturbance-tolerant 
species, which can impact forest dynamics in 
mature forest fragments (2/). Emerging forests 
provide breeding grounds for invasive exotic 


Natural bi 
regeneration 
Assisted natural 
regeneration 
Reforestation Time 
with native trees and 
Commercial oget 
relorestation/agroforestry 
O | rehabittation 
Reclamation High 
High State of degradation Low 


Fig. 1. The restoration staircase, Depending on the state of degra- 


initially forested ecosystem, a range of management 


approaches can at least partially restore levels of biodiversity and 
ecosystem services given adequate time (years) and financial invest- 
ment (capital, infrastructure, and labor). Outcomes of particular res- 
toration approaches are (1) restoration of soil fertility for agricultural 
or forestry use; (2) production of timber and nontimber forest pro- 
ducts; or (3) recovery of biodiversity and ecosystem services. 


Fig. 2. A commercial restoration plantation in northeastern Costa Rica. In the foreground are planted 
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species, which can rapidly colonize established 
forests in protected areas (/0) (Fig. 2). Popu- 
lation explosions of the white-tailed deer 
(Odocoileus virginianus) in recovering forests 
of the eastern United States provide a sobering 
example of synergistic effects of widespread 
forest expansion, reduced predator populations, 
and spread of invasive species and human 
agents (22 
of different restoration approaches 
on recovery of ecosystem services are also 
poorly studied, despite wide recognition of the 
links between biodiversity, functional traits, 
and ecosystem services (23). Incentives for 
increasing carbon stocks in vegetation provide 
a major impetus for a wide range of forest 
restoration interventions, as well as conserva- 
tion of existing forests. An aggressive global 
program of reforestation and natural regener- 
ation could potentially restore forests on 700 
million ha over the next 50 years (24). Fast- 
growing, short-lived species with low-density 
wood are favored by many reforestation pro- 
jects designed to provide carbon offsets, but 
long-term carbon sequestration is promoted by 
growth of long-lived, slow-growing tree spe- 
cies with dense wood and slow turnover of 
woody tissues. These species increase in abun- 
dance and biomass throughout the course of 


individuals of Acacia mangium, a fast-growing tree species native to Asia and Australia, which tolerates poor 
soils. A fast-growing native species, Vochysia guatemalensis is also planted here among the A. mangium trees. 
In the background is a fragment of 25-year-old secondary forest. Euterpe oleracea, an exotic palm species 
from Brazil that was cultivated in a nearby plantation has colonized the restoration site (upper right 
quadrant) and is now invading secondary forests in this area. [Photograph by R. L. Chazdon] 
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natural forest regeneration (23). Short-term 
solutions are attractive, but forest regeneration 
and restoration are long-term processes that 
can take a century or more. Plantations have a 
high rate of failure if few tree species are 
planted and they are not well suited to site 
conditions. Of 98 publicly funded reforested 
areas in Brazil, only 2 were successful (25). It 
is ntial to plan for long-term returns on 
restoration investments if future forests are to 
support the wide range of species, species in- 
teractions, and ecosystem services present in 
current forests. 

Ambitious efforts are being mounted to re- 
store forests, ecosystem services, and bio- 
diversity throughout the world. The Riparian 
Forest Restoration Project hopes to reforest 
1 million ha of riparian rainforest in the At- 
lantic Rainforest in Sao Paulo, Brazil, with up 
to 800 native species (25). Forest restoration 
efforts, whether at national, regional, or local 
scales, will take many decades, long-term fi- 
nancing, political will, labor, and personal 
commitment. In the process, these efforts will 
also restore new relationships between people 
and forests. As so clearly stated by William R. 
Jordan III, a founder of the field of restoration 
ecology, “Ultimately, the future of a natural eco- 
system depends not on protection from humans 
but on its relationship with the people who in- 
habit it or share the landscape with it” (26). 
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PERSPECTIVE 


Changing Governance of the 


World's Forests 


Arun Agrawal,** Ashwini Chhatre,? Rebecca Hardin? 


Major features of contemporary forest governance include decentralization of forest 
management, logging concessions in publicly owned commercially valuable forests, and timber 
certification, primarily in temperate forests. Although a majority of forests continue to be 
owned formally by governments, the effectiveness of forest governance is increasingly 
independent of formal ownership. Growing and competing demands for food, biofuels, timber, 
and environmental services will pose severe challenges to effective forest governance in the 
future, especially in conjunction with the direct and indirect impacts of climate change. A greater 
role for community and market actors in forest governance and deeper attention to the factors 
that lead to effective governance, beyond ownership patterns, is necessary to address future 


forest governance challenges. 


entral governments own by far the 
( greater proportion—about 86%—of the 

5.4 billion hectares of the world’s for- 
ests and wooded areas. Private and “other” 
(mostly communal) forms of ownership con- 
stitute just over 10% and below 4% of global 
forests, respectively (/). There are important 
regional variations around these averages [Fig. 


1, based on (/)]. Official statistics on forest 
ownership, however, misrepresent the extent of 
and changes in forest cover (2). They also mis- 
represent the nature and changing forms of global 
forest governance. 

Effective governance is central to improved 
forest cover and change outcomes. Changing 
forest governance today is for the most part a 


move away from centrally administered, top- 
down regulatory policies that characterized 
much of the 19th and 20th centuries. Many 
govemment-owned forests are managed as 
common property for multiple uses by local 
communities and community-based organiza- 
tions (3). Many other forests classified under 
public ownership are effectively governed as 
private timber concessions by logging com- 
panies (4). Civil society organizations and mar- 
ket incentives increasingly play a role in forest 
governance through certification processes and 
changing consumer preferences (5), At the same 
time, the growth in the number and size of strict 
protected areas in the latter half of the 20th 
tury has also meant that ~6.4 million km? of 
publicly owned forests are now under govern- 
ance regimes that involve greater restrictions 
on human use and habitation (6, 7) (fig. $1). 
In the 21st century, three important forest 
govemance trends stand out: (i) decentralization 
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Fig. 1. Distribution of forest ownership by world regions. 


of management, especially for commercially 
low-value forests that nonetheless play an im- 
portant role in the livelihoods of hundreds of 
millions of rural households in developing 
countries; (ii) the substantial role of logging 
companies in forest concessions, typically for 
selective logging in tropical forests; and (iii) the 
growing importance of market-oriented certifi- 
cation efforts, mainly in temperate forests in the 
developed world. 

Decentralization of forestry policies began 
in the mid- to late 1980s and had become a 
prominent feature of forest governance by the 
mid-1990s (8, 9). It was impelled in part by 
infusions of material and technical support 
from bilateral, multilateral, and private donors 
who sought better forest governance from 
recipient countries, These external pressures 
coincided with domestic demands for a greater 
recognition of local communities’ needs for 
forest products and their role in managing local 
forests for multiple purposes (/0). They also 
worked in the same direction as the desire of 
many governments to reduce the financial bur- 
den of forest governance in an economic con- 
text characterized by substantial fiscal and 
budgetary pressures. An emerging body of 
scholarly work on local participation, resource 
institutions, governance, and accountability 
helped provide some justification for decentral- 
ization reforms (//, /2). Decentralization 
reforms in the past two decades have ofien 
promoted local, more democratic participation 
in governance. In tandem with policy advocacy 
and social movements, such reforms have fos- 
tered new practices of forest use, sometimes 
provoking social tensions revolving around 
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claims of indigenous peoples within forest 
zones (10). Overall, local communities and 
organizations have come to govern close to an 
additional 200 million hectares of forests 
compared to the 1980s (13, 14). 

The private concession model in forest 
governance has been in existence at least since 
the imperial trades of the early 1700s, endur- 
ing shifis in commodity values, political sys- 
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tems, and changing forest policy frameworks 
(15). Under concessionary forest governance, 
central governments or forest departments 
provide logging companies with long-term 
resource extraction rights in commercially 
valuable forests in exchange for a stream of 
revenues. Although a variety of logging con- 
cessions arrangements also exist in the devel- 
oped world, they are a dominant form of forest 
governance in tropical forests in Southeast 
Asia, parts of the Amazon, and especially in 
Central and West Africa, where at least 75 
million hectares of forests are under concession 
to logging companies (4), Contemporary gov- 
ernance through forest concessions is prompted 
by demand for logs and timber—often in dis- 
tant markets—and governments’ need for reve- 
nues. The limited enforcement of concession 
agreements in most countries in Southeast Asia 
and Africa has also meant that legal logging in 
concessions exists side by side with costly and 
unsustainable levels of illegal logging (/6). 
The World Bank estimates U.S, $15 billion to 
be lost to developing countries every year as a 
result of illegal logging. 

Forest certification initiatives emerged in 
the early 1990s as market instruments in which 
an independent certification body provides an 
assurance to consumers that forest product 
suppliers have conformed to some predeter- 
mined criteria of sustainable forest manage- 
ment (/7). Certification efforts were launched 
as a way to improve the sustainability of trop- 
ical forest management. Yet they have been 
used far more broadly in temperate forests— 
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Fig. 2. Changes in forest governance and their social, economic, and political drivers. 
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less than 10% of 80 million hectares of cer- 
tified forests in 2000 were in the humid tropics 
(18). Certification processes and performance 
standards are expanding into new regions and 
niches as a market and civil society response to 
public concern about deforestation, the organi- 
zational strength of international environmen- 
tal nongovernmental organizations (NGOs), 
and continuing economic globalization (5). 
Decentralization, concession, and certification- 
related trends in forest governance are the result 
of important social, economic, and political 


The role of drivers mentioned in Fig. 2 is 
likely to be reinforced and made more complex 
by climate change. Existing trends around con- 
version of forests to biofuel plantations, for 
example, are likely to affect both biodiversity 
and the livelihoods of the poor adversely. 

In conjunction with competing demands for 
food and forest products from a growing, and 
on the average wealthier, global population, 
climate change impacts will strengthen gov- 
ernance trends (especially in the direction of 
concessions and certification), increase the in- 
volvement of market actors in forest govemance, 
and create pressures toward greater formali- 
zation as governments seek to take advantage 
‘of emerging carbon funds. The intersection of 
production strategies for food, fuel, and forest 
products as competition grows for scarce land 
will inevitably lead to new experiments with 
governance arrangements at all levels, from the 
local to the international. It can potentially re- 
verse contemporary trends in favor of the 
involvement of civil society actors and com- 
munities, instead promoting greater privat- 
ization. The need for making careful choices 
in this regard will become especially critical 
after the next two decades as the joint effects of 
changes in climate, demographic patterns, and 
living standards begin to be felt more acutely 
(19). 

The effectiveness of forest governance is 
only partly explained by who owns forests. At 
the local level, existing research finds only a 
limited association between whether forests 
are under private, public, or common ownership 
and changes in forest cover or sustainability of 
forest management (//). National-level asso- 
ciation between forest area under different 
forms of ownership and changes in forest 
cover is also relatively weak, especially for 
public ownership [Spearman’s rho for pro- 
portion of forests under public ownership and 
forest cover change = 0.017, P > |t) = 0.98, 
based on data in (/)]. At the regional level, the 


greatest net declines in forests have occurred 
in tropical countries. Conversely, net increases 
in forest cover have occurred primarily in 
North America and Europe (see figs. $2 and 
3 for illustration). However, the relationship 
between this pattern and forest ownership is 
limited. Moreover, there is only partial knowl- 
edge about the relationships between the 
condition of forests, different forms of forest 
ownership, and the multiple objectives of 
forest governance—improvements in income, 
livelihoods, biodiversity, carbon sequestration, 
and ecosystem service provision. 

The need to look deeper, therefore, into 
how governance arrangements work is para- 
mount if forest dwellers, users, managers, and 
policy-makers are to make better choices 
about forest governance at a variety of scales. 
A very large number of factors influences the 
effectiveness and outcomes of forest govern- 
ance (20, 2/). Among these, careful definition 
of user rights and responsibilities in forests, 
greater participation by those who use and 
depend on forests, downward and horizontal 
accountability of decision-makers, better mon- 
itoring of forest outcomes, stronger enforce- 
ment of property rights and governance 
arrangements, and investments in institution- 
al capacities at local, regional, and national 
levels have been identified as critically im- 
portant for more effective forest governance in 
tropical country contexts. 

Broadly speaking, the goal of forest con- 
servation has historically not been met when 
in conflict with land use changes driven by the 
demand for food, fuel, and profit. It is nec- 
essary to recognize and advocate for better 
governance of forests more strongly given the 
importance of forests in meeting basic human 
needs in the future, making resources availa- 
ble for livelihoods and development, main- 
taining ecosystems and biodiversity, and 
addressing climate change mitigation and 
adaptation goals. Such advocacy must be 
coupled with financial incentives for govern- 
ments of developing countries and a greater 
governance role for civil society and market 
actors if forests are to continue to provide 
benefits to humans well into the future. 

Many scholars recognize the central im- 
portance of governance in influencing forest 
outcomes, but a review also shows major gaps 
in existing knowledge about the history and 
distribution of forest governance arrangements. 
and in the understanding of how different 
features of governance affect outcomes. The 
challenge of understanding the coupled social 


and ecological systems (22) that all forest 
governance represents urgently needs more 
emphasis and attention than it has received 
until now. 
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Germination, Genetics, and Growth 
of an Ancient Date Seed 


Sarah Sallon,’ Elaine Solowey,” Yuval Cohen,? Raia Korchinsky,? Markus Egli,* 
Ivan Woodhatch,* Orit Simchoni,> Mordechai Kislev® 


he ability of seeds to remain viable over 

| prolonged periods of time is important in 

preserving plant genetic resources. Ger- 

mination of a 1300-year-old lotus seed has been 

documented; however, other claims of exceptional 
seed longevity are controversial (/). 

During the 1963-1965 excavations of Masada, 
an Herodian fortress overlooking the Dead Sea 
[built the second half of the first century before the 
common cra (BCE), destroyed 70 common era 
(CB)], ancient seeds were discovered beneath rubble 
at the Northem Palace approach (2). Stored at room 
temperature for 4 decades, several seeds were ob- 
tained from this collection in 2005, all from the 
same archaeological area and botanically identi- 
fied as dates (Phoenix dactylifera L.) (Fig. 1A). 

Radiocarbon dating of two date seeds (controls) 
gave overlapping calibrated calendar ages of 102 + 
53 BCE (range from 206 BCE to 24 CE) and 13 + 
51 CE (range from 113 BCE to 128 CE) (2-c level) 
(3).Three remaining intact seeds were planted 
after preparation in a quarantined site (3). After 8 
weeks, one seed germinated. Its growth over 26 
months demonstrated development similar to that 
of normal date seedlings propagated from mod- 
em seeds except for whitish patches on early 
leaves appearing to lack chlorophyll, possibly be- 
cause of deficiency of essential nutrients during 
initial stages of germination (Fig. 1, B to D). 

At 15 months, the seedling was transferred 
into a larger pot. Seed shell fragments clinging to 
rootlets were radiocarbon-dated (3), resulting in 
calibrated calendar age of 295 + 47 CE (range 
205 CE to 392 CE) (2-6 level), The difference in 


calendar ages between controls and germinated 
seed fragment appears to be due to seedling growth 
with incorporation of 2 to 3% modern carbon, 
which reduces the measured age by about 250 to 
300 years (4) (table $1). 

High summer temperatures and low precipi- 
tation at Masada may have contributed to the 
seed’s exceptional longevity by minimizing free 
radical generation, an important cause of seed 
aging (5). 

The date palm was domesticated over 5000 
years ago, with the genotype of each cultivar highly 
conserved through clonal propagation of off- 
shoots (6). 

The Judean Dead Sea region was particularly 
famous for its extensive and high-quality date 
culture in the Ist century CE (7). Over the next 2 
millennia, these historic cultivars were lost, and 
by the early twentieth century relatively few, low- 
quality date palms mostly propagated from seeds 
were recorded (8). 

Preliminary genetic analysis of the germi- 
nated seedling and three elite date cultivars cur- 
rently growing in Israel was performed with random 
amplified polymorphic DNA [RAPD (3)]. Of 399 
specific DNA bands generated, over 50% were 
similar (monomorphic) between the seedling and 
Moroccan (Medjool), Egyptian (Hayani), and 
Iraqi (Barhee) cultivars. Polymorphic bands rep- 
resenting genetic diflerences were greatest compared 
with Moroccan (35.3%), with fewer differences 
between Iragi (16.5%) and Egyptian (19.5%) 
cultivars (table $2 and fig, S1). As products of 
sexual reproduction, seedlings differ from their 


progenitors and original cultivar because each 
possesses a unique genotype, half paternally, half 
maternally derived. 

On the basis of a single specimen of unknown 
origin, these data can therefore provide limited 
information on the genotype of ancient cultivars, 
but they are nevertheless important because they 
may contribute to our understanding of the con- 
temporaneous Judean date population that flour- 
ished in the Dead Sea region 2000 years ago. 

Germination of ancient seeds can provide 
valuable insights into the history of dome: 
tion and historic crops and has important impli 
cations for seed banking and conservation. Our 
case may also prove to be important to modern 
date palm cultivation. 


References and Notes 
}. Shen-Miller, Arm. J. Bot. 82, 1367 (1995). 
Y. Yadin, Isr. Explor. J. 15, 1 (1965). 
Materials and methods are available as supporting 
material on Science Online. 
M. Stuiver, H. A. Polach, Radiocarbon 19, 355 (1977). 
C. Bailly, Seed Sci. Res. 14, 93 (2004). 
D. Zohary, P. Spiegal-Roy, Science 187, 319 (1975). 
Pliny, Natural History (Harvard Univ. Press, Cambridge, 
MA, 1952), vol. XIll, ch. 9, pp. 44-46. 
A. Grasovsky, J. Waite, Government of Palestine, 
Department of Agriculture and Forest Agriculture Leaflets 
WV: Horticulture, vol. 29 (1932). 

1. We thank E, Netzer, W. Stuppy, |. Kranner, and W. Baker 
for comments. Funded by the Louis L. Borick, Cammetia, 
Zanker, and Louise Gartner foundations. 


Supporting Online Material 
‘www Sciencemag.org/cgi/content/full/320/5882/1464/DC1 
Materials and Methods 

Fig. S1 

Tables $1 and S2 

References 


30 November 2007; accepted 8 April 2008, 
10.1126 science.1153600 


‘Louis L. Borick Natural Medicine Research Center, Hadassah 
Medical Organization, Jerusalem 91120, Israel. “Arava Institute 
of the Environment, Kibbutz Ketura 88840, Israel. “Department 
of Fruit Tree Sciences, Agricultural Research Organization, 
Volcani Research Center 50250, Israel. “Radio-Carbon Labora- 
tory, Department of Geography, University of Zurich, 
Winterthurerstrasse 190, 8057 Zurich, Switzerland. “Mina and 
Everard Goodman Faculty of Life Sciences, Bar-Ilan Uni- 
versity, Ramat-Gan 52900, Israel 


D 


Fig. 1. (A) Ancient date seeds from Masada. (B) Germinated seedling age 3 months: normal development of simple juvenile leaves. Height = 15 cm. 
(C) Age 7.5 months: some leaves showing white patches. Height = 31 cm. (D) Age 26 months: normal seedling development with compound leaves. 
Height = 121 cm. [Photo credit: G. Eisner] 
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An in Vivo Map of the 
Yeast Protein Interactome 


Kirill Tarassov,"* Vincent Messier,’* Christian R. Landry,"** Stevo Radinovic,** 
Mercedes M. Serna Molina,* Igor Shames,* Yelena Malitskaya,’ Jackie Vogel,’ 


Howard Bussey,” Stephen W. Michnick*? 


Protein interactions regulate the systems-level behavior of cells; thus, deciphering the structure 
and dynamics of protein interaction networks in their cellular context is a central goal in biology. 
We have performed a genome-wide in vivo screen for protein-protein interactions in 
Saccharomyces cerevisiae by means of a protein-fragment complementation assay (PCA). We 
identified 2770 interactions among 1124 endogenously expressed proteins. Comparison with 
previous studies confirmed known interactions, but most were not known, revealing a previously 
unexplored subspace of the yeast protein interactome. The PCA detected structural and topological 
relationships between proteins, providing an 8-nanometer—resolution map of dynamically 
interacting complexes in vivo and extended networks that provide insights into fundamental 
cellular processes, including cell polarization and autophagy, pathways that are evolutionarily 
conserved and central to both development and human health. 


he elucidation of protein-protein interac- 
| tion networks (PINs, or interactomes) holds 
the promise of answering fundamental 


questions about how the biochemical machinery 
of cells organizes matter, information, and energy 


A 


Fig. 1. In vivo PCA screen of the yeast PIN. (A) Strategy for high-density 
array screening of the yeast PIN by DHFR PCA. Both positive [green 
circles (MATa/a, CDC19 fused to DHFR fragment [1,2] (CDC19-F[1,2]), 
and MCK1 fused to DHFR fragment [3] (MCK1-F[3]) and negative [red 
circles (MATa/,, CDC19-F[1,2], and CLN3-F[3])] controls are included on 
each plate to ensure that each transfer and selection step has occurred 
correctly. (B) PPV score as a function of raw colony intensity and z score 
(relative colony intensity on plates). This score represents the ratio of the 
number of true positive interactions over the sum of the true positive and 
false positive interactions predicted from the reference sets. (C) The ratio 
of true positives to false positives in the DHFR PCA network compared 
with other large-scale data sets (2-4, 7, 8, 14). The achieved PPV is 


indicated above the bars. 
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transformations to perform specific functions (/). 
An essential and rarely addressed question is 
whether protein complexes and PINs that are 
reconstructed or reconstituted in vitro or removed 
from the normal context in which they are ex- 
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pressed reflect their organization in living cells. 
For eukaryotes, the test bed for large-scale analy- 
sis of PINs is the yeast Saccharomyces cerevisiae, 
where several PIN analyses have been performed 
using yeast two-hybrid screens (Y2H) (2-4) or 
tandem affinity purification followed by mass- 
spectrometric analyses (TAP-MSs) (5-8). Each 
approach captures specific features of protein inter- 
actions; two-hybrid methods are best at measuring 
direct binary interactions between pairs of pro- 
s, whereas affinity purification techniques best 
capture stable protein complexes. However, neither 
approach measures interactions between proteins 
in their natural cellular context, and are not easily 
amenable to studying protein complexes that are 
transiently associated or dynamic under different 
conditions, that do not survive in vitro purifica- 
tion, or that cannot be transported to the nucleus 
and form interactions in the absence of other 
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stabilizing interactions as necessitated in Y2H 
screening. Protein-fragment complementation as- 
says (PCA) provide an altemative approach to 
detect protein-protein interactions (PPIs) in their 
natural context. In the PCA strategy, two proteins of 
interest are fused to complementary fragments of a 
reporter protein. If the proteins of interest interact 
physically, the reporter fragments are brought to- 
gether and fold into their native structure, thus 
reconstituting the reporter activity of the PCA 
(Fig. 1A). PCA strategies provide a simple, direct 
means for the detection of PPIs in vivo, and do so 
with endogenously expressed full-length proteins 
in their native posttranslationally modified stat 
and cellular locations (9). Further, PCAs provide 
spatial and topological information about PPIs. 
Thus, a large-scale PCA screen would provide 
direct insights into the global structural organiza- 
tion of PINs as they exist in the living cell. 
Genome-wide in vivo screen. We have per- 
formed a systematic binary sci for PPIs at a 
genomewide scale in S. cerevisiae using a PCA 
based on the murine dihydrofolate reductase 
(mDHER) assay adapted to yeast (/0) (Fig. 1A). 
The DHFR PCA is a survival-selection assay 
based on a mutant of mDHFR that is insensitive 
to the DHFR inhibitor methotrexate but retains 
full catalytic activity and allows detection of 
PPIs with as few as 25 to 100 complexes per cell 
(/1, 12). We created unique homologous re- 
combination cassettes for all 5756 consensus 
genes with both the F[1,2] and F[3] comple- 
mentary N- and C-terminal DHFR fragment se- 
quences (/0). Successfull cassette transformation 
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of S. cerevisiae haploids was achieved for 4326 
(75%) open reading frames (ORFs) with the 
DHFR F[1,2] fragment in MATa and 4804 (83%) 
ORFs with the DHFR F[3] fragment in MATo. 
strains, with a final combined coverage of 5367 
(93%) of all ORFs (table $1). The entire screen- 
ing process was performed on solid-phase medi- 
um (Fig, 1A and fig, S1). Briefly, MATa strains 
(F[1,2] fragment fusions) served as baits and were 
mated individually with all MATa. (F[3]) strains 
on high-density arrays. The resulting diploids were 
transferred to a minimal medium [synthetic com- 
plete (SC)] plate to select for methotrexate t- 
ance (reconstituted mDHFR activity, with native 
S. cerevisiae DHFR inhibited), and colony growth 
was recorded using automated analysis of di 
images (Fig. 1A and figs. $2 and § 
determined based on the growth of the diploid 
colonies measured by the pixel intensities on the 
selection plates (figs. S1 to S3). In total, 3247 
individual highly reproducible (fig. $4) bait 
screens were performed, resulting in more than 
15 million individual matings. 

Data filtering, quality assessment, and over- 
lap with existing PINs. We experimentally ac- 
counted for two potential sources of false positives 
in a PCA screen: trapping of nonspecific com- 
plexes due to irreversible folding of the mDHFR 
reporter protein, and potential spontaneous comple- 
mentation (folding) of the DHFR PCA fiagments. 
First, we used the adenosine 3’,5'-monophosphate 
dependent dissociation of the yeast protein kinase 
‘A complex as a test system (/3) to show that the 
DHFR PCA is fully reversible, and thus the trapping 


(1) Golgi apparatus; (2) cell cortex; 
(3) cell wall; (4) cellular bud; 
(5)unknown; (6) chromosome; (7) 
cytoplasm; (8) cytoplasmic 
membrane-bound vesicle; (9) 
cytoskeleton; (10) endomembrane 
system; (11) endoplasmic reticulum; 
(12) extracellular region; (13) 
membrane; (14) membrane fraction; 
(15) microtubule organizing center; 
(16) mitochondrial envelope; (17) 
mitochondrion; (18) nucleolus; (19) 
nucleus; (20) peroxisome; (21) 
plasma membrane; (22) ribosome; 
(23) site of polarized growth; (24) 
vacuole; 


Fig. 2. Interactions are enriched within GO categories. The DHFR PCA network covers several classes of 
protein function, location, and biological process. The colors above the diagonal represent positive and 
negative deviations from the expected number of interactions between two cell compartments. A positive 
Z score indicates a larger number of interactions within or between two categories as compared with a 
random network. A negative z score indicates a smaller number of interactions than expected. A z score of 
2 or -2 corresponds to a P value of 0.05, and az score of 5 or—5 toa P value of 5 x 10°’. Values below —5 
and above 5 were given these minimal and maximal values. Entries below the diagonal indicate the 


observed numbers of interactions on a logyo scale. 


of complexes is unlikely (/0). Second, we screened 
all the strains against the individual F[1,2] and F[3] 
complementary fragments or fragment-peptide link- 
er sequences. This allowed us to climinate 344 
promiscuous, highly expressed proteins (fig. S6 
and table $2), several of which are also often 
observed as false-positives in affinity purifications 
(0). We next identified a threshold of colony inten- 
sity above which we could infer PPI. The Munich 
Information Center for Protein Sequences (MIPS) 
complexes were used as a standard set of true pos- 
itives, along with 266,858 true negative interactions 
between proteins expressed in different cellular 
compartments or having negatively correlated ex- 
pression (/4, 15). Afier several filtering steps (/0) 
and benchmarking on the reference PPIs, we ob- 
tained a high-quality data set containing 2770 inter- 
actions among 1124 proteins that reach a positive 
predictive value (PPV) of 98.2% (Fig. 1B and 
tables $3 and S4). This resulted in data having 
precision (number of true positives relative to false 
positives) comparable to the MIPS small-scale 
experiments and all previous large-scale data sets 
(Fig. 1C and fig. $5). The proteins in the DHFR 
PCA network are highly enriched in cellular com- 
partments [for example, organelle membranes (P< 
10"), proteasome regulatory particles (P < 10°), 
the nucleolus (P < 10”), and the cell cortex (P < 
10 ’)] that were less represented in comprehensive 
TAP-MS results (/4) (tables SS and $6). The high 
sensitivity of the DHFR PCA assay is reflected 
in the abundance of the proteins that populated 
our network, which are on average only slightly 
more expressed than the proteome [the median 
log (protein abundance) = 2.32 versus 2.28; 
Wilcoxon rank sum test, P=0.19] and spanning the 
whole distribution of protein abundance (fig. S6). 

Because this study was performed in vivo, 
with a technique never used at this scale and in a 
different medium than previous experiments, we 
expected that many interactions would be pre- 
viously undiscovered. An examination of major 
databases of PPIs reveals that most of the inter- 
actions (~80%) we report are among protein pairs 
for which no data had been previously reported 
(fig. S7A). However, when considering only PPIs 
that could be detected by both DHFR PCA and 
the other experiments (/0), we confirmed be- 
tween 16 and 41% of PPls reported in previous 
reens, Suggesting excellent concor- 
dance between the results of our and very dif- 
ferent methods (fi; 7B and S8). Further, PPIs 
derived from PCA represent pairwise interac- 
tions, which contrasts with TAP-MS PINs, which 
identify clusters and thus complexes of interact- 
ing proteins. PPIs detected by PCA are therefore 
either within, between, or outside these complexes 
and thus complement these previous studies. For 
instance, 10% of the DHFR PCA PPIs map within 
specific complexes in the combined analyses of 
the two TAP-MS data sets (7, 15), and 36 and 
38% of the DHFR PCA PPIs are between one 
protein found in a complex and one protein not in 
the published data set, or two proteins not in the 
data set, respectively. We identified several inter- 


13 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org 


actions among complexes (15%), which probably 
mediate the integration of biological processes 
among PIN modules. For instance, PPIs occur 
among complexes that are more related in their 
functional annotations than would be expected to 
occur by chance [interacting protein pairs had a 
semantic similarity score of cell compartments 
(CCs) of 3.44 versus 1.64, P< 10!: of bio- 
logical processes (BPs) of 3.48 versus 1.51, P< 
10 *°; and of molecular functions (MFs) of 3.53 
versus 2.3, P< 10''°). For example, we see i 
teractions between DhhIp and Lsm4p, both in- 
volved in the RNA metabolic process but part of 
the CCR4 and the RNA-splicing complex, respec- 
tively. Another example is the interaction between 
Reg Ip and Snflp: subunits of the serine-threonine 
phosphoprotein phosphatase and SNF1 complex, 
respectively, but both involved in the regulation 
of carbohydrate metabolic processes (table $7). 
Finally, we report 286 interactions involving one 
uncharacterized protein with proteins of known 
function (n = 278 interactions) or between two 
uncharacterized proteins (n = 8) (16), which will 
aid in their functional annotation. 

General organization of the yeast DHFR PCA 
PIN. Because we detected PPIs as they occurred 
in intact cells, with the faithful representation of 


Fig. 3. The DHFR PCA 
results provide structural 
and topological insights. 
PCA fragments have to 
be in proximity to each 
other in order to fold 
into the active structure 
of the reporter protein. 
(A) PCA PPIs versus pro- 
tein complexes. Compar- 
ison of the PCA network 
with databases of curated 
protein complexes (MIPS) 
and inferred from com- 
putational analysis of 
TAP-MS (15) allows clas- 
sification of four types 
of PCA interactions: in 
which both proteins are 
found within a complex 
(type 1), are inferred to 


A 


\ 
X previous 
“network _- 


2007 = 270) 


be in two separate complexes (type 2), one protein is in a complex and the other is not in the 
network (type 3), or both are absent from the network (type 4) (15). Columns of numbers 
indicate the number of PCA PPIs observed for each data set and each category. (B) A 
thorough DHFR PCA screen of the RNA polymerase Il complex [Protein Data Bank (PDB) 


Type |. Binary, sterically accesible interaction previously inferred 
to be in a complex (number of proteins: MIPS = 145; Puet al. 


Type lI. Binary, sterically accesible interaction not inferred to be 
within a complex (MIPS = 97; Pu et al. 2007 = 276) 


Type lil. Binary, sterically accesible interaction between one 
protein being in a complex and the other not in the dataset 
(MIPS = 173 & 317; Pu et al, 2007 = 279 & 350) 


Type IV. Binary, sterically accesible interaction between two 
proteins not in the datasets (MIPS = 727; Pu et al, 2007 = 445) 


gene expression timing and protein localization, 
we predicted and observed stronger coregulation 
of interacting protein pairs (Pearson r = 0.2 
versus r= 0.1, P<< 0,001) than was expected for 
random networks of the same size with the same 
protein connectivity. This is also mirrored in the 
enrichment of interactions among proteins that 
share the same BPs, MFs, and CCs and a 
depletion of interactions among genes of differ 
ent categories (Fig, 2 and fig. $9). PPIs among 
categories are somewhat more enriched in the 
PCA-determined network as compared with 
TAP-MS studies. For instance, 64, 56, and 63% 
of DHER PCA interactions map to different BPs, 
CCs, and MFs, whereas these numbers are 
smaller in the TAP-MS PINs [58, 46, and 57%, 
(8) and S1, 49, and 58% (7)]. Much of this 
increased enrichment of the cross-cellular com- 
ponents reflects interactions among proteins that 
the DHFR PCA method covers more of than 
TAP-MS; these are interactions that appear to 
represent the natural exchange of proteins be- 
tween, for instance, the endoplasmic reticulum, 
Golgi, mitochondrial envelope, and vacuolar 
proteins, whereas others reflect the organization 
of complex cellular processes. For example, high 
enrichments in interactions between proteins 
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localized to the bud and bud neck with those of 
the cell cortex, cytoskeleton, plasma membrane, 
and sites of polarized growth reflect the roles of 
these proteins in several compartments during 
cell division, We also saw strong compartmen- 
talization of interactions; for example, for nuclear 
and nucleolar proteins, which show enrichment 
in interactions between proteins in these two com- 
partments but strong depletions in interactions 
with those of any other compartment, Equally, 
patterns of cross-process and molecular function 
categories reflect differences in complexity and 
organization (fig. $9). For example, among 
molecular functions, RNA binding i: 
enriched in interactions between helicas 
translation regulatory functions, whereas the more 
general transporter activity category shows links 
to diverse functions. The observation that PCA 
interactions detect links among functionally re- 
lated categories is supported by a semantic anal- 
ysis of the full Gene Ontology (GO) hierarchies. 
Proteins that show interactions with different GO 
Slim annotations have higher semantic similar- 
ities in their GO terms than expected by chance 
(CCs, 1.52 versus 0.94, P < 10**!; BPs, 2.04 
versus 1.35, P < 10-'*; and MFs, 1.89 versus 
1.64, P < 10 *), and may thus represent inter- 
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number 113Q] detects predicted interactions among the 10 subunits. (C) An interaction is 
3.5 times more likely to be detected for a pair of proteins known to interact if the C termini of 


these proteins are within 82 A of each other in the case of stable crystallized complexes of 
yeast-homologous proteins deposited in the PDB. (D) Membrane protein topology and PPI 
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detection by PCA. A protein interaction is 12 times more likely to be detected if the C termini 


are in the same cell compartment. 
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actions relating information among these pro- 
cesses and CCs that allows their integration into 
higher-order networks. As we describe below, 
these interactions reveal specific spatial and topo- 
logical relationships between known and previ- 
ously unknown complexes underlying both known 
and previouly unknown cellular proces 

Global structure and topology of the in vivo 
interactome. PCA-detected interactions are inte 
preted differently than purified protein complexes 
or binary (one-to-one) interactions determined in 
Y2H s lowing us to address how protein 
complexes and PINs are spatially and topologi- 
cally organized in living cells. Whether an inter- 
action can be observed depends on the distance 
between the C termini of two proteins and the 
length of the polypeptide linker separating bait 
and prey proteins to the PCA fragments (/2, /7) 
(Fig. 1A). Given that the linkers used in this 
study were of 10-amino acid residues, for a 
given protein complex we expected to dete 
only binary (direct) or near-binary (indirect, C 
termini within 82 A, but mediated by one or more 
other proteins) interactions for protein pai 
separated by less than this distance. We first 
tested this prediction by exhaustively screening 


all pairwise interactions (n = 45 possible pairs) in 
the well-known RNA polymerase II complex 
(/0), We found that we were 5.7 times more 
likely to detect an interaction if the C-termini 
were within 82 A (Fisher’s exact test, P = 0.01) 
(Fig. 3B). Interactions that were detected but not 
predicted could be due to alternative assemblies 
of this complex in intact cells, to changes in their 
configuration under different conditions, or to 
protein dynamics that cannot be interpreted from 
crystal st We then asked whether spatial 
ervable interactions is reflected in 
the complete DHFR PCA network. An examina- 
tion of homologous protein complexes with 
solved structures showed that we were 3.5 times 
more likely to detect an interaction between a pair 
of proteins that have C termini closer than 82 A 
than for those with longer distances between C 
termini (Fisher's exact test, P < 0.002) (Fig. 3C). 
Further, we found that the interacting protein 
pairs possess domains known to mediate PPI 
more often than they would be expected to have 
possessed by chance (7.3% of protein pairs have 
domains known to mediate PPI versus 0.6%, 
P << 0.001). Thus, the data will be useful for 
predicting spatial relationships and the bases of 
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Fig. 4. The DHFR PCA network is modular and interconnected. Clustering of the DHFR PCA network 
reveals numerous known complexes, within which the substructure represents known subunits. 
Proteins that have interaction patterns similar to those of other proteins and that interact together 


are grouped along the diagonal. 


molecular recognition among proteins, protein do- 
mains, and peptide recognition motifs. Finally, be- 
cause the C termini of proteins have to be in close 
proximity and also oriented into the same cellu- 
lar compartment, PCA provides information about 
membrane protein topolos 
Our results demonstrate 


the PIN; specifically, that membrane proteins that 
colocalize to the same cellular compartment are 
12 times more likely to show an interaction if the 
have a parallel rather than an antiparallel orien- 
tation (Fisher's exact test, P < 0,0005) (2/). These 
PPIs between membrane-associated and membrane- 
associated and soluble proteins will serve to predict 
cross-compartment functional relationships, such as 
interactions of endoplasmic reticulum: yciated 
membrane receptors and cytosolic or nuclear effec- 
tor proteins. 

Bird's-eye view of the yeast in vivo PIN. The 
general predictions described above led us to 
pose specific hypotheses for how protein com- 
plexes and networks are organized in living cells. 
Unsupervised hierarchical clustering of the 2770 
DHFR PCA interactions provides an overview 
of the in vivo PIN (Fig. 4 and file S1). A num- 
ber of crystallographically or biochemically well- 
characterized complexes are organized as clus 
along the diagonal, confirming that their organi- 
zation in cells reflects their predicted structures in 
vitro. Also, substructures of these clusters are 
consistent with those of previously affinity- 
purified subcomplexes. For instance, the nuclear 
pore contains a number of distinct subclusters, 
three of which clearly correspond to known 
subfractionated complexes (the Nup84 subcom- 
plex includes Nup85, Nup!120, and Nup!4: 
which are in the network, and Nup84 and Seh|p, 
which are not in the network; a second sub- 
complex that includes NupS7, Nup49, and Nsp1, 
which are in the network, and Nic96, which is not 
in the network; the Nup82 subcomplex includes 
Nup159, Nup82, and Nsp1, which interacts with 
Nup166 for its proper localization) (22). These 
subcomplexes also represent groups of protei 
that have been hypothesized to form di 
contacts in a detailed architectural map of the 
assembly of the nuclear pore complex (23), Our 
results now suggest that such substructures exist 
in intact cells, Similarly, the proteasome partitions 
into subcomplexes that correspond to the compo- 
sition of characterized fractions and of structure 
that can be visualized in intact cells (24). Com- 
plexes described in vitro can therefor 
reflect those seen in vivo by PCA and as reported 
by whole-cell electron tomographic studies of pro- 
tein complexes (25). 

PPIs between complexes that reflect the 
cross-compartmental and cross-functional inter- 
actions described above (Fi and fig. S9) can 
be visualized as off-diagonal interactions on this 
map (Fig. 4). These represent links among 
several network modules that have been well 
described and shown to be central to eukaryotic 
cell biology. Our map therefore allows us to 
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identify previously unkown multifunctional PINs 
and to associate and integrate other proteins to 
these processes (Fig. 5). First, we showed that, 
starting from the Arp2-actin organization network, 
we are able to describe new connectivity among 
the complex network of interactions that integrates 
actin filament assembly and patch formation with 
secretion and cell-wall synthesis and ultimately 
with membrane abscission and cell separation dur- 
ing cell division. Second, we showed that starting 
from the retromer complex, we can physically 
integrate the protein-sorting machinery and traf- 
ficking with the synthesis of autophagosomes, 
links that were previously suggested from genetic 
and cell-biological observations. 

In vivo network at the bud neck. Successful 
completion of a mitotic cell cycle, and the cre- 
ation of a viable daughter cell, involves the tight 
coordination of nuclear events with mechanisms 
that control cell morphology. The formation of a 
bud is an example of this temporal and spatial 
coordination. The bud is the recipient of the seg- 
regated material from a mother cell, and ultimate- 
ly will form the daughter cell. DNA, organelles, 
proteins, and mRNAs are selectively transported 
into the bud from the mother and after cyto- 
kinesis are enclosed within the daughter cell (26). 
After bud-site selection, recruitment and assem- 
bly of proteins that act in polarized growth and 
bud emergence occur at the incipient bud site. 


A Actin organization 


Polarisome 


We can construct a network (Fig. 5A) that cap- 
tures the dynamic assembly and localization of 
“polarisome” proteins and both known and previ- 
ously unknown interactions to proteins that provide 
input signals from the cell-cycle machinery via spe- 
cific cyclin-cyclin-dependent kinase Icomplexes 
and the Rho signaling proteins that control polar- 
ity and cell integrity (27), These mechanisms orga- 
nize and polarize the cytoskeleton and the secretory 
apparatus at the bud tip and bud neck during 
cell-cycle progression. Many polarisome proteins 
that localize to the bud and bud neck (Fig. SA, 
bluc), or predominantly to the neck (Fig. 5A, 
orange) are found in the PCA network. Beml 
plays a central role in bud polarization through its 
ability to build scaffolds, at sites of polarized 
growth, of an activator (Cde24) and an effector 
(Ste20) of the Cdce42 Rho-like guanosine tri- 
phosphatase (GTPase) (28). Kell and Kel2 also 
act as scaffolds for polarity components at the 
bud tip and bud neck and were shown to couple 
to Bem] and Spa2. Further, the exocyst complex 
functions in the vectoral transport of vesicles 
from the Golgi to the bud and promotes plasma 
membrane expansion, and the Arp2/3 complex, 
by mediating the assembly of actin patches, pro- 
motes membrane recycling through endocytosis 
(29). An extensive network of proteins contain- 
ing the Arp2/3 actin-assembly complex, its activa- 
tor Las17, and effectors of actin organization is 
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represented in our network and recapitulates 
many known protein interactions (Fig. 5A, 
orange edges), but extends the level of con- 
nectivity among components (Fig. 5A, blue 
edges), especially for Sla2, Las17, and Arc40, 
However, Arc40 of the Arp2/3 complex is linked 
via Rvsl61 to the GTPase-activating protein 
(GAP) Gyll, known to function in actin-patch 
formation and polarized exocytosis; Gyll is also 
connected to the exocyst through the Sec4 GTPase 
and to Ynr065C (Fig. 5A), a large protein of 
previously unknown function and for which lo- 
ion data are unavailable. In a further ex- 
tension of this actin patch-assembly complex, 
we found that LasI7 and MyoS, a type I myo- 
sin that associates with actin patches, interact 
with Sypl, a protein implicated in actin cyto- 
skeletal organization. Further, we showed that 
SypI physically associates with multiple pro- 
teins, including the bud-neck septins Cdel and 
Shs! and the cell-surface sensors Mid2 and 
Wsc2, which activate the cell-integrity pathway 
through Rom2. Collectively, the interactions among 
distinct complexes seen by PCA represent a po- 
tential regulatory network involved in bud polar- 
ization, bud-neck organization, and cytokinesis, 
a network that captures the dynamic transitions 
of polarity and exocyst components between 
the bud tip and the bud neck during the cell 
cycle. 


Fig. 5. The yeast DHFR PCA network provides insights into both cell polarity 
and autophagy. Blue edges denote previously unknown interactions (10) and 
orange edges denote interactions reported at least once in major databases. 
(A) Network at the bud neck. Physical association, detected by PCA between 
proteins that localize to the bud and bud neck (blue) and proteins that localize 
predominantly to the bud neck (orange), and proteins lacking localization data 
(gray), can be used to assemble the structure of a polarity PIN. This PIN shows 
both known interactions and previously unknown coupling between proteins 
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involved in actin-filament organization and patch and assembly with proteins 
acting in secretion and cell-wall synthesis. The interactions between protein 
complexes in the PIN reflect the complex transition of proteins between the 
bud tip and the bud neck, which function in cell polarity from bud emergence 
to cytokinesis. (B) Autophagy network. Interactions directly connecting 
proteins involved in autophagy (ATG), vacuolar protein sorting (VPS), and 
cytoplasm-to-vacuole targeting (CVT) (orange) and other proteins (blue) are 
shown. 


13 JUNE 2008 


Lt 


RESEARCH ARTICLES 


In vivo network of autophagy. Autophagy is 
the process whereby organelles and the cytosol 
are engulfed within membrane vesicles for de- 
livery to the lysosome/vacuole for degradation 
and macromolecule recycling and is involved in 
development, response to stress, and pathogen 
resistance. Dysfunction of this conserved eukary- 
otic process is associated with neurodegenerative 
conditions, namely Huntington’s, Alzheimer’s, and 
Parkinson's diseases, and with cancer (30). Pro- 
teins involved in autophagy are rich in interac 
tions in the yeast DHFR PCA network (Fig. 5B), 
including the endosomal sorting complexes re- 
quired for transport (ESCRTs) ESCRT-0 and 
ESCRT-II, the retromer complex, and other known 
interactions (Fig. SB, dashed gray circles). Vps32, 
Vps24, and Vps2 are three of the four subunits of 
the ESCRT-III complex that are responsible for 
the sorting of transmembrane proteins into the 
multivesicular body (MVB) pathway. Dysfunction 
of this complex leads to autophagosome accumu- 
lation and neurodegeneration in mammals (3/). 
ESCRT-0 is required for sorting ubiquitinated 
membrane proteins before vacuolar degradation. 
Vital is a member of the MVB pathway and is 
known to bind to Vps60 and Vps4, regulating the 
activity of the latter (3/). Proteins destined for 
secretion or for delivery to intracellular compart- 
ments follow the same route and are sorted in the 
trans-Golgi network. In yeast, the lysosomal/ 
vacuolar proteins are sorted from other proteins 
by the carboxypeptidase Y receptor Vps10. These 
receptors are then returned from the prevacuolar 
compartments to the trans-Golgi network by the 
retromer complex. The role of the retromer com- 
plex in protein transport is also crucial in meta- 
zoa because, for example, it is essential to the 
formation of important morphogen gradients 
along body axes (32). Some of the interactions 
we uncovered shed light on this functional rela- 
tionship between protein sorting and trafficking by 
the retromer complex and Vps10. For instance, 
we find that Vps10 shows physical interactions 
with the retromer complex, which was previously 
hypothesized on the basis of genetic interactions 
with Vps35 and Vps26 (33, 34). These obser- 
vations also suggest a topological relationship 
between these two proteins that add to our un- 
derstanding of the structural organization of the 
retromer complex recently resolved by crystal- 
lography (35). The interaction between Chel 
(clathrin heavy chain 1 human homolog), the 
clathrin heavy chain involved in protein transport 
and endocytosis, and Vps10 was also hypothe- 
sized based on genetic data that shows Vps10 is 
rerouted to the plasma membrane in a che! vps! 
mutant instead of its normal travel to the endo- 
some (36). We confirm this functional relation- 
ship and show that it is mediated through a 
physical interaction. Most of the interactions we 
see are previously undescribed (75%) (Fig. 5, 
blue edges) and represent a substantial advance 
in describing the autophagy and cytoplasm-to- 
vacuole targeting pathways. For instance, Atg27 
shows a particularly large number of interactions, 


This protein plays a critical role in the formation of 
sequestering vesicles, including autophago- 
somes. It localizes to the Golgi apparatus, the 
mitochondrion, and the phagophore assembly 
site, Despite its importance, it showed no inter- 
actions in recent large-scale TAP-MS experiments 
and only one in previous Y2H screens (3). Recent 
work affirms its involvement in both bulk and 
specific autophagy, and it is hypothesized that 
Atg27 (along with Atg9, not represented here) 
labels the membrane source for its transport to 
and the formation of autophagosomes (37). Our 
results suggest that Atg27 occupies a central role 
in autophagy because it physically interacts with 
the retromer complex and with many other vacu- 
olar proteins involved in the sorting of vacuolar 
hydrolases; further, these results implicate unchar- 
acterized ORFs, such as YMLO1I8C, YMR221C, 
and YDR119W, in this process. 

Conclusions. There remain many insights to 
be drawn beyond the general details, overview, 
and examples of extended structural and fiunc- 
tional networks reported here for the in vivo 
protein interactome, and other dimensions of the 
interactome remain to be explored: How dynamic 
are these interactions? What are the effects of 
growth conditions on PPI network architecture? 
The functional and integrative genomic tools 
developed for this study will enable analysis of 
protein-interaction dynamics on any scale to un- 
cover mechanisms of biochemical network regu- 
lation. A wide variety of PCA reporter enzymes. 
can be used to study temporal and spatial dy- 
namics of protein interactions over a broad range 
of time scales (from seconds to many hours) and 
under the influence of natural or artificial pertur- 
bations (9). Further, the topological requirements 
of PCA generate a protein-complex topology 
map at 8-nm resolution that will provide reference 
data for studying the spatial dynamics of func- 
tional protein complexes by immunofluorescence 
or by monitoring the localization of proteins genet- 
ically tagged with fluorescent proteins. Finally, 
they will also provide reference constraints for 
determining the architecture of macromolecular 
assemblies (23). The integration of the results 
from such efforts with those of gene regulation 
dynamics and protein modifications will lead to a 
fuller understanding of how complex cellular pro- 
cesses are orchestrated at a molecular and struc- 
tural level in the living cell. 
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Recognition Dynamics Up to Microseconds 
Revealed from an RDC-Derived Ubiquitin 
Ensemble in Solution 


Oliver F, Lange,’* Nils-Alexander Lakomek,”* Christophe Farés,” Gunnar F. Schréder,? 
Korvin F. A. Walter,” Stefan Becker,” Jens Meiler,? Helmut Grubmiiller,* 
Christian Griesinger,*t Bert L. de Groot*t 


Protein dynamics are essential for protein function, and yet it has been challenging to access the 
underlying atomic motions in solution on nanosecond-to-microsecond time scales. We present a 
structural ensemble of ubiquitin, refined against residual dipolar couplings (RDCs), comprising 
solution dynamics up to microseconds. The ensemble covers the complete structural heterogeneity 
observed in 46 ubiquitin crystal structures, most of which are complexes with other proteins. 
Conformational selection, rather than induced-fit motion, thus suffices to explain the molecular 
recognition dynamics of ubiquitin. Marked correlations are seen between the flexibility of the 
ensemble and contacts formed in ubiquitin complexes. A large part of the solution dynamics is 
concentrated in one concerted mode, which accounts for most of ubiquitin’s molecular recognition 
heterogeneity and ensures a low entropic complex formation cost. 


rotein function relies on structural pro- 
tein dynamics, with time scales ranging 
from picoseconds to beyond seconds. For 


molecular recognition, for example, proteins 
adapt their structure to different binding partners, 


slower than 10 ms can be directly observed as 
peak splitting in NMR spectra, For backbone 
amides, motions faster than 50 j1s do not result 
in sufficient line broadening to be detectable for 
relaxation dispersion measurements. These mea- 


often exhibiting large structural heterogeneity. 
In the past 30 years, atomic information on many 
dynamical processes has been accumulated from 
a broad variety of techniques (/, 2). Nuclear 
magnetic resonance (NMR) relaxation has been 
used to quantitatively probe protein dynamics at 
the fast end (picoseconds to nanoseconds) as well 
as in a much slower range (microseconds to mil- 
liseconds) of this broad spectrum of time scales 
(3-6). Relaxation of nuclear magnetization is 
caused by fluctuations of magnetic interactions 
between nuclei resulting from the nanosecond 
rotational tumbling of the molecule and internal 
dynamics. The amplitudes of these motions are 
expressed as so-called Lipari-Szabo order pa- 
rameters Ss (7). Internal dynamics slower than 
the rotational tumbling time t. have no impact 
on the overall fluctuation of the magnetic 
teractions. Therefore, Sis order parameters 
reflect only sub-t, motions, at the fast end of 
time 

The slow range of time scales is accessible 
by relaxation dispersion measurements, based 
‘on the stochastic fluctuations of isotropic chem- 
ical shifts, which are independent of rotational 
tumbling (3, 5). Conformational heterogencity 
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surements therefore probe motions slower than 
about 50 us up to about 10 ms and have been 
used to characterize major structural changes 
and enzymatic reactions (6, 8), Except for cer- 
tain favorable c: it is, however, difficult 
to translate the: ions into ensembles 
of structures, Therefore, relaxation-based ensem- 
bles of solution structures take only motions 
faster than 7, into account: They are limited to 
sub-z, dynamics (/0, //). These sub-t, mo- 
tions are typically much smaller than the struc- 
tural changes involved in molecular recognition 
and are likely to contribute mainly to the en- 
tropy of proteins (/2-14). As a consequence, 
the structural heterogeneity observed in pro- 
tein complexes has frequently been assumed 
to be inaccessible to equilibrium fluctuations 
in solution, thus favoring induced-fit models 
(15, 16). 

RDCs probe supra-t, dynamics. RDCs are 
sensitive to motion from picoseconds to milli- 
seconds, which includes the previously in- 
visible time window between t, and 50 us, 
which we will call supra-t.. Indeed, RDCs 
recorded for ubiquitin, as well as for the B1 
domain of protein G, hint at substantial dy- 
namics between nanoseconds and microsec- 
onds (17-25). Here, we present a structural 
ensemble of ubiquitin based on an extensive 
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Fig. 1. Structure ensemble of ubiquitin. (A) Backbone trace of 40 randomly chosen structures from 
the EROS ensemble. Residues are colored by the amount of additional (supra-t,) mobility as 
compared with the Lipari-Szabo order parameters (Fig. 3C) Séupra = Séros/Sis- (B) For each x-ray 
structure (for numbering on the x axis, see table $3), the backbone RMSDs of residues 1 to 70 are 
shown for superpositions with each EROS structure (red dots) and each x-ray structure (black dots). 
The minimal RMSD for EROS structures (red line) and the maximal RMSD for x-ray structures (black 
line) are highlighted to guide the eye. (C) Ca root mean square fluctuations (RMSF) of EROS 
structures (red line) and of 46 known ubiquitin x-ray structures (black line). 
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RDC data set (Fig. 1). Ubiquitin is a key to 
many cellular signaling networks (26, 27) (as in 
protein degradation, for example) and is recog- 
nized by a broad variety of proteins with high 
specificity (28). Accordingly, ubiquitin crystal 
structures of 46 different complexes show a 
particularly pronounced structural heterogeneity 
(Fig. 2), which cannot be explained from the 
available sub-t, ensembles refined against NMR 
relaxation data (/0, //) (Fig. 2, C and E). 

RDCs are observed in an anisotropic solution, 
induced (for example) by a highly diluted liquid 
crystalline medium (29) ora polyacryl amide gel. 
In such an anisotropic solution, the protein does 
not adopt all orientations with the same proba- 
bility. Therefore, the rotational tumbling no lon- 
ger averages the dipolar coupling to zero but to 
a measurable RDC. The anisotropic orientation 
distribution is represented by an alignment ten- 
sor, which is fixed to the molecular frame. For 
directly bonded nuclei, the RDC D depends only 
on the direction (8,9) of the internuclear vector in 
the alignment frame 


D0.9) = D,{(3 o-1)+ 


> R( sin? 0c0s2)] (1) 


where D, is the axial component of the align- 
ment tensor and R describes its rhombicity 
(17, 29). Internal dynamics lead to orientational 
fluctuations of the internuclear vector (6,6) in 
the alignment frame (and therefore also in the 
molecular frame) and affect the size of the RDC 
according to Eq. 1. This variation of the RDC is 
usually in the range of less than 10 Hz, and 
therefore the RDC D is averaged to the measured 
(D) for motions faster than the upper limit of 
relaxation dispersion (10 ms), thus sampling the 
previously inaccessible supra-t, time window. 

Because the alignment tensor includes five 
parameters, the extraction of these fluctuations 
requires the measurement of RDCs in at least 
five independent alignment media. To assess the 
supra-t, time scale for ubiquitin, we measured 
RDCs for the backbone amide NH couplings in 
18 different alignment conditions, as well as back- 
bone HC’ (amide proton to carbonyl carbon in the 
same peptide bond) and NC’ (amide nitrogen to 
carbonyl! carbon in the same peptide bond) RDCs 
from 4 different alignment media. Together with 
data from the literature (30-32), 36 NH RDC 
data sets and 6 HNC’ and NC’ RDC data sets were 
available. To probe side-chain dynamics as well, 
we included side-chain methyl group RDCs mea- 
sured for 11 alignment media in the analysis (33). 

Supra-t, ubiquitin ensemble reveals con- 
formational selection. To extract a structural 
ensemble from these data, we carried out cross- 
validated ensemble refinement from unfolded 
structures in explicit solvent subjected simulta- 
neously to restraints from NMR nuclear Over- 
hauser enhancement (NOE) and RDC data 
(henceforth referred to as EROS for ensemble 


refinement with orientational restraints). The 
unperturbed protein exhibits considerable flexi- 
bility, with a substantial fraction (color coded, 
Fig. 1A) attributed to supra-t,. Slower motions, 
at the microsecond-to-millisecond time scale, have 
previously been observed for only a very limited 
number of residues (34), thus confining the ad- 
ditional motion to the time range between the 
correlation time and about 50 us, As a cross- 
validation, the ensemble was also calculated with- 
out NOEs. The resulting ensemble was found to 
be virtually unchanged [(33), EROS4], indicating 
that the ensemble is predominantly defined by the 
RDC data. 

Unexpectedly, this supra-t, ensemble com- 
prises the complete range of crystallographi- 


cally observed structural changes during interface 
engagement (Figs. 1B and 2A), in contrast to 
the known fast dynamics (Fig. 2, C and E) 
(10, 11). Indeed, each of the x-ray structures is 
similar to members of the solution ensemble 
within less than 0.8 A backbone root mean 
square deviation (RMSD) (Fig. 1B), although 
no crystallographic data have been used during 
refinement. Conformational selection, rather 
than induced fit, thus suffices to explain all 
known structural adaptations that the ubiquitin 
backbone undergoes upon complex formation 
with different binding partners, Remaining 
induced-fit motions are restricted to rotameric 
side-chain rearrangements and minor backbone 
changes. 
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Fig. 2. Comparison of supra-t, and sub-t, solution ensembles (colors) with the collection of 46 x-ray 
structures (black) of ubiquitin by PCA: EROS (A and B), 1xqq (C and D), and 2nr2 (E and F). The PCA 
was carried out over the merged two ensembles that are displayed (in each case, the x-ray ensemble 
and one NMR ensemble: EROS, 1xqq, and 2nr2). Panels (A), (C), and (E) show projections onto the 
principal modes 1 and 2, whereas panels (B), (D), and (F) show projections onto modes 3 and 4. 
Systematic deviations are observed along the principal modes for both sub-t, ensembles but not for the 


supra-t, EROS ensemble. 
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‘As an independent validation of our ensemble, 
we have also applied a self-consistent RDC-based 
model-free (SCRM) analysis (33) to the set of 36 
NH RDC experiments. This method is an 
enhanced implementation of the previously 
published model-free method (2/, 24, 25) that 
largely alleviates structural bias (33). The SCRM 
analysis quantifies dynamics as the degree of 
orientational restriction of the amide NH bond in 
the molecular frame in terms of a generalized 
order parameter S°(NH), which is zero for 
complete isotropic disorder and one for a fixed 
orientation of the respective NH bond. For 
comparison, generalized order parameters were 
also computed from the EROS ensemble. A 
correlation coefficient r = 0.74 between Sgcrm 
and Séros is found (Fig. 3A). This agreement 
between two independent approaches shows that 
the dynamics observed in the EROS ensemble 
are indeed strongly determined by the experi- 


mental RDC data. This conclusion is supported 
by rigorous cross-validation implemented in 
EROS by systematically leaving out all RDCs 
between backbone amide N and carbonyl C, as 
well as all scalar couplings, from refinement. The 
ensemble-averaged free RDC R-factor of 18.5% 
is considerably lower than for other solution 
ensembles (>24%; table $2), Combining all x- 
ray structures into an “ensemble” (35), we 
obtained a similarly low R-factor of 18.3%. As 
compared with the R-factor of 25 + 4% for 
individual x-ray conformers, this result confirms. 
that the conformational heterogeneity (as found 
in the EROS ensemble and in the x-ray data) 
considerably improves the description of the 
experimental solution NMR data, In addition, 
the correlation between order parameters 
derived from the x-ray “ensemble,” particularly 
when relaxed in short (10-ps) molecular dy- 
namics simulations at 300 K [Fig. 3B; (33)], 
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Fig. 3. Comparison of NH order parameters of ubiquitin. (A and D) The order parameters of the 
presented EROS ensemble (red) are compared with SCRM order parameters (blue) derived from the NH 
part of the RDC data used for EROS. The SCRM order parameters shown in dark blue reflect the most 
probable overall scaling with respect to the Lipari- i Szabo-derived order parameters Si. The most 
conservative scaling of SCRM order parameters to Sis is shown in light blue, (B and E) Order 
parameters intrinsic to the ensemble of 46 crystallographic structures (black). The dashed curve is 
obtained when the 46 structures are relaxed at 300 K by short molecular dynamics simulations of 10 
ps. (C and F) Generalized order parameters obtained from NMR relaxation data (green) for the sub-t, 
dynamics of ubiquitin via Lipari-Szabo model-free analysis (36). Green circles mark the data points 
taken from the most recent and accurate measurement (36), whereas remaining data points are taken 
from previously published data (46). The latter (46) were rescaled such that they align with the newer 
results (36). The EROS order parameters were scaled by 0.93 to account for limited ensemble size and 
underestimation of the librational contribution (SOM text $4). Error bars (16) for the EROS ensemble 
(light-red) comprise intrinsic sampling and force-field errors as well as propagated experimental 
errors. The uncertainty in the libration correction was estimated as +4% and is represented in gray. A 
solid line is shown for residues where sufficient RDC data were available to determine a robust value 
with SCRM analysis; for the other positions, EROS order parameters are shown as a dashed line. [(D) to 
(F)] Scatterplots for a direct comparison of the two sets of order parameters shown to the left of the 


respective plot. 
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and the RDC-derived order parameters SZpos 
and Scr Suggests that the interconversion be- 
tween the different ubiquitin conformations in 
the x-ray ensemble strongly contributes to the 
solution dynamics. 

To assess how much of the solution dynamics 
is slower than t., we compare Szros and Sécrm 
with order parameters derived from NMR re- 
laxation measurements. The picosecond-to- 
nanosecond time scale dynamics of the ubiquitin 
backbone were probed previously by NMR 
relaxation techniques, yielding a set of Ss order 
parameters as derived from a Lipari-Szabo 
analysis (7, 36). Figure 3C compares order 
parameters Séos from the ensemble presented 
in Fig. 1A with Sfs order parameters. For most 
residues, additional mobility is seen, thus quan- 
tifying the supra-t, motion in the EROS en- 
semble, shown as color code in Fig. 1A. For 
EROS, absolute order parameters were derived 
from the RDC-refined ensemble and corrected 
for limited ensemble size and libration effects. 
For SCRM analysis, the absolute scale was 
determined relative to S?s order parameters, 
with S?s as an upper bound for Sgcrm. Within 
the error bars [see supporting online material 
(SOM) text S1, section 1.2, and SOM text S4 
for details]. Although the RDCs do not provide 
the absolute amplitude of the dynamics, the 
overall scale of the independently determined 
Sépos and Sdcans is nearly identical. 

Solution fluctuations allow for interface 
contact formation. As noted above, the supra- 
T. motion accesses all the conformations that 
are observed in complex structures. To ratio- 
nalize this unexpected result, we overlaid all 
interface-contacts (gray spheres) of the differ- 
ent binding partners found in the x-ray struc- 
tures with a single structure of ubiquitin whose 
coloring represents the solution dynamics as 
given by Séos(NH) (Fig. 4A). Notably, helix 
al, for which no contacts are observed, shows 
only little motion in solution (blue), whereas 
high flexibility (orange-red) is observed in re- 
gions that form many different protein-protein 
interfaces. A quantitative analysis of the num- 
ber of interface contacts per residue (Fig. 4C) 
shows an unexpectedly high similarity to the 
conceptually unrelated order parameters 
Séros(NH), which corroborates this initial 
observation. 

Two prominent exceptions from the observed 
ty in the binding regions are residues 

™ and His® [144 and H68 (37)] (two of the 
three “x” symbols in Fig. 4C). Both are known 
from mutation studies to be central hotspot (38) 
residues of a binding motif (Fig. 4B) that is in- 
volved in recognition of many different binding 
partners (26, 39), Recently, the first crystal struc- 
ture with a new recognition motif centered at hot- 
spot DS8 (one of the three “x” symbols in Fig. 4C) 
has been found (40). Our results show that, in so- 
lution, this residue is as rigid as 144/F45 and H68. 

At first sight, the observed fluctuations appear 
incompatible with the proposed conformational 
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selection scenario. In particular, it seems combi- 
natorially highly unlikely to find all involved 
residues simultaneously in the proper configura- 
tion required for binding, thus imposing a high 
entropic barrier. Only concerted fluctuations, im- 
plying reduced entropic cost, would explain the 
observed high physiological on-rates and affin- 
ities (39). 

Collective molecular recognition dynamics. 
To check whether such concerted fluctuations 
are actually observed in the ubiquitin ensem- 
ble, we have carried out a principal component 
analysis (PCA). The conformational changes 
observed in x-ray structures are well described 
within the first five principal components. 
Although the number of degrees of freedom is 
reduced from 1839 to only 5, all x-ray structures 
can be described up to a backbone RMSD of 
0.45 + 0.04 A, From linear combinations of 
these five principal components, we found a sin- 
gle collective mode that corresponds to a pincer- 


like motion of predominantly those residues that 
are frequently involved in interfaces and accounts 
for 25% (RMSD) of all backbone fluctuations in 
the solution ensemble (Fig. 5B). 

Whether this mode indeed describes the 
molecular recognition dynamics can be tested 
stringently by predicting the bound ubiquitin 
conformations with the use of information only 
from the binding partner. To this end, we 
systematically varied the ubiquitin structure 
along this mode for each of altogether 41 
interfaces, until the highest number of con- 
tacting interface atoms (i.¢., atoms within 3 to 
8 A of the binding partner) was reached. A 
correlation of 0.94 between the projection of 
the thus predicted and the actual x-ray struc- 
ture was found for the pincer-like mode (Fig. 
5A). Analogously, correlations of 0.90 and 
0.84 were obtained for the linearly combined 
first three principal components and for the 
third principal component, respectively. These 
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Fig. 4. Solution dynamics correlate with molecular recognition sites. (A and B) The apo structure of 
ubiquitin (1UBI) is colored by backbone flexibility in solution as given by Ségos. (A) Positions of 
contacting atoms of complexing proteins (<5 A distance) are shown as gray spheres. (B) View 
toward the surface at the most prominent recognition site around residues 144/H68. H68 (sticks) 
lies within a rigid crevice that connects via F45 to the other known recognition site centered at 
DS58. The walls of this crevice are formed by regions with high flexibility. Around H68, rigidity is 
provided by packing of core residues L67 and L69 (not shown) against the central helix; at D58, 
packing of L55 and a long-range hydrogen bond from Y59 to E51 provide stability. (C) Number (nr) 
of ubiquitin-binding protein contacts per residue (blue line) and the flexibility in solution for the 
sub-t, time regime (green line) and the supra-t, time range, as extracted from the EROS ensemble 
(red line). A marked correlation between contacts and solution fluctuations is observed, particularly 
for the EROS ensemble. Exceptions from the observed correlation are found for known molecular 
recognition hotspots (marked with “x” symbols: 144/H68, D58), which may act as rigid anchors, 
allowing flexibility for neighboring residues. Lysines responsible for polyubiquitination are marked 
with circles (K48, K63). 


consistently high correlations for collective 
modes indicate that the interface adaptation 
dynamics of ubiquitin are indeed well described 
within a few collective degrees of freedom 
that dominate the solution ensemble, More- 
over, this analysis indicates that the ability 
to optimize contacts with binding partners via 
backbone interface adaptation is important 
for ubiquitin to reach sufficient affinity with 
many different binding partners. As illus- 
trated in Fig. SB, for the ubiquitin interfaces 
with hepatocyte growth factor-regulated tyro- 
sine kinase substrate (HRS) and the zine 
finger ubiquitin-binding domain of isopepti- 
dase T [Protein Data Bank (PDB) accession 
codes 2D3G and 2G45], the collective solu- 
tion mode allows molecular recognition by en- 
abling ubiquitin to adapt to different protein 
interfaces. 

The slow supra-t, time scale of ubiquitin’s 
interface adaptation dynamics is corroborated 
by the observation that collective solution 
modes obtained from the first five principal 
components of nanosecond ensembles 1xqq 
and 2nr2 (/0, 11) were less adept in describing 
the interface adaptation. For these modes, the 
correlation between predicted and crystallized 
position dropped from 0.94 to 0.68 and to 0.55, 
respectively. The supra-t, time scale has previ- 
ously been speculated to be important in the con- 
text of signal propagation of the immunoglobulin 
binding domain of protein G (20) as well as for 
aggregation dynamics (41). 

Summary. Taken together, we have deter- 
mined a solution ensemble of a globular pro- 
tein from experimental data that comprises all 
solution dynamics up to the microsecond time 
scale at atomic resolution. A large part of this 
solution dynamics is concentrated in a collec- 
tive pincer-like motional mode that strongly 
contributes to the interface adaptation dynam- 
ics during molecular recognition events. All 
available crystallographic structures of ubiq- 
uitin complexed to different binding proteins 
were shown to be accessible in solution, Con- 
formational selection, rather than induced fit, is 
thus the main contributor to the observed inter- 
face adaptations. The observed conformational 
selection dynamics lower entropic barriers, 
thereby explaining physiologically observed 
high affinity and fast on-rates which otherwise 
would need to be explained by induced-fit 
motions. 

These findings suggest how ubiquitin rec- 
ognizes many different partner proteins with a 
high degree of specificity and sufficient aftin- 
ity. In order to reach sufficient affinity, a certain 
degree of structural plasticity is required that is 
thermally accessible in solution. In order to 
maintain high specificity despite the inherent 
flexibility, the binding interfaces are centered 
around the rigid hotspot (38) residues H68/144 
and DS8. The rigidity of these mutational 
hotspots (26, 39, 40) might prevent promiscu- 
ous binding, because only precisely aligned 
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Fig. 5. Equilibrium supra-t. dynamics are dominated by conformational selection dynamics. A 
large amplitude collective solution mode entails a pincer-like motion of loop B1-f2 and loop «1-B3 
including the C-terminal tip of helix a1. For each of altogether 41 binding partners, this collective 
solution mode was systematically varied to find a predicted position that maximized contacts. (A) 
The position on the mode of the thus predicted selected structures is plotted on the y axis, whereas 
the projected position onto this mode for the actual crystal structures is plotted on the x axis. (B) In 
order to illustrate the conformational selection along the collective solution mode, two of the 
selected snapshots (dark blue and red) are shown together with relevant parts of their respective 
binding partners: the zinc finger ubiquitin-binding domain of isopeptidase T (2G45, yellow) and 
HRS (2D3G, cyan). Contacts affected by the motion along the collective mode are shown as 
spheres. The crystal structure of 1UBI is shown at relevant regions as a gray cartoon. The full 


protein is shown as a semitransparent surface. 


partner interfaces benefit from the high hotspot 
energy contribution. Structurally, the observed 
rigidity is maintained for H68 by packing with 
its neighbors L67 and L69 tightly into the 
protein core, whose rigidity is reinforced by 
helix 1, Similarly, 144 is anchored via F4S and 
decoupled from the adjacent flexible loop via 
an alanine-glycine linker (A46/G47). At DS8, 
packing of LSS and a long-range hydrogen 
bond from YS9 to ES! provide stability. 
Because the solution dynamics are dominated 
by the collective pincer-like interface adapta- 
tion, it seems that only functionally essential 
flexibility is present. Apparently, ubiquitin has 
evolved to be as rigid as possible while re- 
maining as flexible as necessary to engage in 
different interfaces. 

Our finding that conformational selection is 
responsible for protein-protein binding of ubiq- 
uitin is in line with recent findings of con- 
formational selection occurring for antibodies 
and enzymes (42-44). For the latter, relaxation 
dispersion experiments that are sensitive to 
microsecond-to-millisecond time scales (i.c., 
1000 times slower than the processes we de- 
scribed here) show conformational selection for 
all steps in enzymatic reactions of dihydrofo- 
late reductase (9). It should be noted that our 
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findings differ from the stepwise model pro 
posed for the binding of unfolded proteins to 
folded ones (45) and thus open up a whole range 
of possible molecular recognition mechanisms. 
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Probing Cold Dense Nuclear Matter 
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The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering 
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and 
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as 


prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference 
between the types of pairs is due to the nature of the strong force and has implications for 
understanding cold dense nuclear systems such as neutron stars. 


clei are composed of bound protons (p) 
N« neutrons (n), referred to collectively 

as nucleons (N). A standard model of the 
nucleus since the 1950s has been the nuclear 
shell model, in which neutrons and protons move 
independently in well-defined quantum orbits in 
the average nuclear field created by their mu- 
tually attractive interactions. In the 1980s and 
1990s, proton-removal experiments using elec- 
tron beams with energies of several hundred 
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megaelectron volts showed that only 60 to 70% 
of the protons participate in this type of inde- 
pendent particle motion in nuclear valence states 
(1, 2). At the time, it was assumed that this low 
occupancy was caused by correlated pairs of 
nucleons within the nucleus. The existence of nu- 
cleon pairs that are correlated at distances of 
several femtometers, known as long-range correla- 
tions, has been established (3), but these accounted 
for less than half of the predicted correlated nu- 
cleon pairs. Recent high-momentum transfer mea- 
surements (4-/2) have shown that nucleons in 
nuclear ground states can form pairs with large 
relative momentum and small center-of-mass 
(CM) momentum due to the short-range (scalar 
and tensor) components of the nucleon-nucleon 
interaction. These pairs are referred to as short- 
range correlated (SRC) pairs. The study of these 
SRC pairs allows access to cold dense nuclear 
matter, such as that found in a neutron star. 
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Experimentally, a high-momentum probe can 
knock a proton out ofa nucleus, leaving the rest 
of the system nearly unaffected, If, on the other 
hand, the proton being struck is part of an SRC 
pair, the high relative momentum in the pair 
would cause the correlated nucleon to recoil and 
be ejected as well (Fig. 1). High-momentum 
knockout by both high-energy protons (8-/0) 
and high-energy electrons (/2) has shown, for kin- 
ematics far from particle-production resonances, 
that when a proton with high missing momentum 
is removed from the '7C nucleus, the momentum 
is predominantly balanced by a single recoiling 
nucleon, This is consistent with the theoretical 
description that large nucleon momenta in the nu- 
cleus are predominantly caused by SRC pairing 
(/3). This effect has also been shown when in- 
clusive incident electron, scattered electron (¢,') 
data were used (4, 5, 14), although that type of 
measurement is not sensitive to the type of SRC 
pair. Here we identify the relative abundance of 
p-n and p-p SRC pairs in "°C nuclei. 

We performed our experiment in Hall A of 
the Thomas Jefferson National Accelerator Facil- 
ity (JLab), using an incident electron beam of 
4.627 GeV with a beam current between 5 and 
40 WA. The beam was incident on a 0.25-mm- 
thick pure '2C sheet rotated 70° to the beam line to 
minimize the material through which the recoiling 
protons passed. We used two high-resolution spec- 
trometers (HRS) (/5) to define proton-knockout 
events for '*C(e.e'p). The left HRS detected 
scattered electrons at a central scattering angle 
(momentum) of 19.5° (3.724 GeV/c). These val- 
ues correspond to the quasi-free knockout of a 
single proton with transferred three-momentum 
q = 1.65 GeV/c, transferred energy = 0,865 
GeV, 0 = ¢ — (w/e = 2(GeV/e)* (where O? is 
the four-momentum, squared), and Bjorken 
scaling parameter xp = Q°/2mw = 1.2, where m 
is the mass of the proton. The right HRS detected 
knocked-out protons at three different values for 
the central angle (momentum): 40.1° (1.45 GeV/c), 
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c). 


Fig. 1. Illustration of the *C(e,e'pN) 
reaction. The incident electron beam 
couples to a nucleon-nucleon pair via 
a virtual photon. In the final state, 
the scattered electron is detected 
along with the two nucleons that 
are ejected from the nucleus. Typi- 
cal nuclear density is about 0.16 
nucleons/fm?, whereas for pairs the 
local density is approximately five 
times larger. 


Knocked-out 
proton 
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‘These kinematic settings covered (e,e'p) missing 
momenta, which is the momentum of the 
undetected particles, in the range from 300 to 
600 MeV/c, with overlap between the different 
settings. For highly correlated pairs, the missing 
momentum of the (¢,c'p) reaction is balanced 
almost entirely by a single recoiling nucleon, 
whereas for a typical uncorrelated (c,c'p) event, 
the missing momentum is balanced by the sum of 
many recoiling nucleons. In a partonic picture, x7, 
is the fraction of the nucleon momentum carried 
by the struck quark. Hence, when xg > 1, the 
struck quark has more momentum than the entire 
nucleon, which points to nucleon correlation. To 
detect correlated recoiling protons, a large 
acceptance spectrometer (“BigBite”) was placed 
at an angle of 99° to the beam direction and 1.1 
m from the target, To detect correlated recoiling 
neutrons, a neutron aray was placed directly 
behind the BigBite spectrometer at a distance of 6 
m from the target. Details of these custom proton 
and neutron detectors can be found in the 
supporting online material (/6). 

The electronics for the experiment were set 
up so that for every '*C(¢.e'p) event in the HRS 
spectrometers, we read out the BigBite and 
neutron-detector electronics; thus, we could deter- 
mine the '7C(¢,e'ppy'?C(e,'p) and the '7C(e,e'pn 
"C(ee'p) ratios. For the C(e,e'pp)/"?C(e.e'p) 
ratio, we found that 9.5 + 2% of the (¢,e'p) events 
had an associated recoiling proton, as reported in 
(12). Taking into account the finite acceptance of 
the neutron detector [using the same procedure 
as with the proton detector (/2)] and the neutron 
detection efficency, we found that 96 + 22% of 
the (c.e'p) events with a missing momentum above 
300 MeV/c had a recoiling neutron. This result 
agrees with a hadron beam measurement of 
(p.2pny(p.2p), in which 92 + 18% of the (p.2p) 
events with a missing momentum above the Fermi 


momentum of 275 MeV/c were found to have a 
single recoiling neutron carrying the momentum (//). 

Because we collected the recoiling proton 
"C(c,c'pp) and neutron '*C(c,e'pn) data simulta- 
neously with detection systems covering nearly 
identical solid angles, we could also directly 
determine the ratio of '?C(ee'pny/'*C(ee'pp). In 
this scheme, many of the systematic factors 
needed to compare the rates of the '7C(e,e'pn) 
and '*C(c,e'pp) reactions canceled out. Correct- 
ing only for detector efficiencies, we determined 
that this ratio was 8.1 + 2.2. To estimate the effect 
of final-state interactions (that is, reactions that 
happen afier the initial scattering), we assumed 
that the attenuations of the recoiling protons and 
neutrons were almost equal. In this case, the only 
correction related to final-state interactions of the 
measured '?C(e,e'pn)/'2C(e,e'pp) ratio is due to a 
single-charge exchange, Because the measured 
(c,e'pn) rate is about an order of magnitude larger 
than the (e,e'pp) rate, (¢,e'pn) reactions followed 
by a single-charge exchange [and hence detected 
as (¢,e'pp)] dominated and reduced the measured 
"C(e.e'pn'?C(e.'pp) ratio. Using the Glauber 
approximation (/7), we estimated that this effect 
was 11%. Taking this into account, the corrected 
experimental ratio for '°C(e.e'pn)/'*C(.e'pp) was 
9.0 +2.5, 

To deduce the ratio of p-n to p-p SRC pairs in 
the ground state of '7C, we used the measured 
"2C(ee'pn)/'*C(e.e'pp) ratio. Because we used 
(c.c'p) events to search for SRC nucleon pairs, the 
probability of detecting p-p pairs was twice that 
of p-n pairs; thus, we conclude that the ratio of 
p-t/p-p pairs in the '°C ground state is 18 + 5 
(Fig. 2). To get a comprehensive picture of the 
structure of °C, we combined the pair faction 
results with the inclusive '7C(¢,c') measurements 
(4, 5, 14) and found that approximately 20% of 
the nucleons in °C form SRC pairs, consistent 
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn) 
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1. 
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with the depletion seen in the spectroscopy ex- 
periments (/, 2). As shown in Fig, 3, the com- 
bined results indicate that 80% of the nucleons in 
the 7C nucleus acted independently or as de- 
scribed within the shell model, whereas for the 
20% of correlated pairs, 90 + 10% were in the 
form of p-n SRC pairs; 5 + 1.5% were in the form 
of p-p SRC pairs; and, by isospin symmetry, we 
inferred that 5 + 1.5% were in the form of SRC 
n-n pairs. The dominance of the p-n over p-p 
SRC pairs is a clear consequence of the nucleon- 
nucleon tensor force. Calculations of this effect 
(/8, 19) indicate that it is robust and does not depend 
‘on the exact parameterization of the nucleon- 
nucleon force, the type of the nucleus, or the 
exact ground-state wave function used to de- 
scribe the nucleons. 

Ifneutron stars consisted only of neutrons, the 
relatively weak n-n short-range interaction would 
mean that they could be reasonably well approxi- 
mated as an ideal Fermi gas, with only perturba- 
tive corrections. However, theoretical analysis of 
neutrino cooling data indicates that neutron stars 
contain about 5 to 10% protons and electrons in 
the first central layers (20-22). The strong p-n 
short-range interaction reported here suggests 
that momentum distribution for the protons and 
neutrons in neutron stars will be substantially 
different from that characteristic of an ideal Fermi 
gas. A theoretical calculation that takes into 
account the p-n correlation effect at relevant 
neutron star densities and realistic proton concen- 
tration shows the correlation effect on the mo- 
mentum distribution of the protons and the 
neutrons (23). We therefore speculate that the 
small concentration of protons inside neutron 
stars might have a disproportionately large effect 
that needs to be addressed in realistic descriptions 
of neutron stars. 
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Laser-Induced Electron 
Tunneling and Diffraction 
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Molecular structure is usually determined by measuring the diffraction pattern the molecule 
impresses on x-rays or electrons. We used a laser field to extract electrons from the molecule itself, 
accelerate them, and in some cases force them to recollide with and diffract from the parent ion, 
all within a fraction of a laser period. Here, we show that the momentum distribution of the 
extracted electron carries the fingerprint of the highest occupied molecular orbital, whereas the 
elastically scattered electrons reveal the position of the nuclear components of the molecule. Thus, 
in one comprehensive technology, the photoelectrons give detailed information about the 


electronic orbital and the position of the nuclei. 


‘olecular multiphoton ionization in the 
tunneling limit (sketched in the upper 
frame of Fig. 1) is similar to tunneling 

ina scanning tunneling microscope (STM) (/). In 

both cases, electrons escape from the outer 
regions of the orbital to the continuum; that is, 
to the vacuum for multiphoton ionization of gas 
phase molecules or to the conduction band of the 
metal tip in a STM. In a STM, the sample is fixed 
and the tip is moved. Rotating the molecule with 
respect to the field direction is the analog of 
moving the tip. The resulting angle-dependent 
ionization probability (2-5) provides information 
for a molecule analogous to the position depen- 
dence of the tunneling current in a STM. How- 
ever, whereas the total tunneling current is one 
observable, the electron wave packet that emerges 
into the vacuum from the tunnel retains more 
information about the orbital. 

In contrast to the static field of a STM, the 
electric field in a laser pulse oscillates and forces 
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a fraction of the tunneled electron wave packet 
back to the parent ion. There, the wave packet 
can diffract from the molecule (lower frame in 
Fig. 1). This phenomenon has been called laser- 
induced electron diffiaction (LIED) (6) and relates 
to recent research on ultrafast electron diffraction, 
where a femtosecond electron bunch is created at a 
photocathode and accelerated in an electrostatic 
field onto a molecular (7) or solid state (8) target. 
In our case, the molecule serves as its own photo- 
cathode, whereas the laser provides the accelerat- 
ing field. This situation produces extremely high 
current densities and attosecond timing (9). 

We report the observation of molecular 
tunneling spectroscopy and LIED. We measured 
electrons produced from aligned O, and No, 
resolving their three-dimensional (3D) momen- 
tum distribution. Comparing experiment and 
theory, we show that, in the two dimensions per- 
pendicular to the field direction, the momentum 
ibution for these direct electrons is deter- 
mined by the highest occupied molecular orbital 
(HOMO), observed through the filter of the 
suppressed binding potential (Fig. 1) through 
which the electron tunnels. We also demonstrate 
LIED (6) and confirm its origin with a simula- 
tion. Selecting the wavelength of the recollision 
electron modifies the diffraction pattern. Thus, 
one set of measurements simultaneously identi- 
fies the orbital wave function of the molecule and 
the position of the atoms in the molecule. 
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Laset-induced tunneling and diffraction ex- 
ploit different parts of the ionizing electron wave 
packet. The fraction of the electron wave packet 
that is created while the field strength increases 
within an optical half-cycle departs directly and 
irrevocably from its parent ion. Only tunneling 
stands between the orbital and the electron detec- 
tor. The wave packet that is born while the field 
decreases retums to the ion where it can elas- 
tically scatter (diffract), inelastically scatter, or 
recombine to (interfere with) the orbital from 
which it was extracted (/0). These three scatter- 
ing processes offer different perspectives on the 
molecule. 

Tunneling, the process underlying all, probes 
the electronic structure of the neutral molecule. 
The recombination radiation, known as high- 
harmonic radiation, also measures the orbital 
structure of the neutral molecule (//). However, 
because high-harmonic generation starts with 
tunneling and ends with interference, these pro- 
cesses must be disentangled before the tech- 
niques can be generalized to complex orbitals. In 
contrast, clastic and inelastic scattering occur at 
the molecular ion. Inelastic rescattering is closely 
related to field-free collision physics (/2, 13). It 
can cause multiple ionization and subsequently 
lead to Coulomb explosion of small molecules. 
The molecular structure can then be inferred from 
the momentum vectors of the correlated ionic 
fragments. Elastic scattering is also sensitive to 
the potential structure of the molecular ion. How- 
ever, here the molecular structure is encoded in 
the diffracting electron wave packet, making this 
imaging technique scaleable to more complex 
molecules. 

For electron diffraction to be observable, the 
de Broglie wavelength of the electron needs to be 
on the order of the dimensions of the molecule. 
Small diatomic molecules have a bond length 
of =1 A [1.9 atomic units (au)]. To obtain this 
wavelength, an electron would need a kinetic 
energy of 150 eV, corresponding to a momentum 
of 3.3 au. Electrons that are accelerated in the laser 
field and recollide with the parent molecule can 
easily reach this range of kinetic energies (/0). 

We recorded the momentum of electrons 
arising from tunneling ionization of aligned O> 
and Np, employing a Cold Target Recoil Ion Mo- 
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mentum Spectroscopy (COLTRIMS) system (/4). 
COLTRIMS allows us to measure the 3D mo- 
mentum vectors of single electrons and ions in 
coincidence. This coincidence capability is used 
to measure both O2 and N; simultaneously under 
identical conditions by means of a gas mixture. It 
also allows us to eliminate any contribution to the 
electron spectra from inelastic scattering resulting 
in fragmentation or multiple ionization of the 
molecules, However, with monomolecular tar- 
gets, we achieve very similar results even without 
the ion-electron coincidence requirement. Finally, 
the coincidence measurement permits us to pick 
up weak fragmentation channels that provide 
information about the quality of our alignment 
[see supporting online material (SOM) text B]. 

Our laser pulse (800 nm) had a total energy of 
5 yJ (split and used for both alignment and 
probing) and a repetition rate of 30 kHz. We align 
the molecules (/5) using a slightly stretched 
(60 f8), moderately intense (<8 * 10'? W/em*) 
laser pulse. The intense (2.5 = 10'* W/cm’), short 
(40 f8), ionizing pulse, which is applied afier a 
delay, catches the molecule at any alignment that 
can be achieved with polarized light. Experimen- 
tally, aligning (pump) and ionizing (probe) pulses 
are perpendicularly polarized (y-axis and = axis in 
the inset of Fig. 2A, respectively). The pump 
pulse creates a rotational wave packet (/5) that 
results in molecules aligned primarily along the 
yy axis at a well-defined time delay (sketch in Fig. 
2A). Ata different time delay, the alignment dis- 
tribution will be confined in the xz plane (sketch 
in Fig. 2B). We refer to this complementary case 
as anti-alignment. A computerized delay stage 
moved between the respective pump-probe delays 
every 10 s (details in SOM text A and B). 

The electron momentum distributions (Fig. 2) 
obtained for aligned (A) and anti-aligned (B) 02 
molecules have been correlated with singly charged 
O,’ ions. For display purposes, the distribution is 
projected onto three planes. Most prominent in 
the figure is the large dynamic range in the dis- 
tribution. The color code covers five orders of 
magnitude. The rapid fall-off of the signal is so 
prominent that it is hard to discern anything else 
from the figure. The spectra for No (fig. $1) are 
qualitatively indistinguishable from those of O.. 

Molecular specific structure arising from 
tunneling and diffraction is revealed when we 
employ normalized differences. The anti-aligned 
projections are subtracted from the aligned pro- 
jections and then divided by their sum. The nor- 
malized differences for O2 and N> are plotted in 
Fig. 2, C and D. Because the data are not symme- 
trized, the quadrant-to-quadrant reproducibility 
is a measure of the quality of the image. 

The low lateral-momentum electrons (p, = 


2 + p? <0.5 au, where p is momentum) 


exhibit clear patterns in the projection per- 
pendicular to the ionizing laser field. The vast 
majority of these electrons drift directly to the 
detector without further interaction with the par- 
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ent ion. They provide information on the ioniz- 
ing orbital, filtered by the tunnel. These electrons 
are equally evident in the other two projections. 
They are spread along the = direction between 
|p-| < 1.5 au, reflecting the fact that ionization can 
occur over a range of times within a field cycle, 
Figure 3 presents an expanded view of the 
Px-Py projections of the electron momenta from 
N, and O, and focuses on the central part of the 
distribution. The very different distributions cre- 
ated by tunneling from O, and No reflect the very 
different structures of the respective ionizing or- 
bitals. In tunneling theory, the tunnel serves as a 
filter for the perpendicular component p, of the 
orbital wave function, The tunneled wave packet 
then can be expressed as (in atomic units) (/6-/8) 


(a 
¥)n.¥b00(-ser) (1) 


where the exponential factor is the filter fune- 
tion. It contains the ionization potential /, and 
the electric field £ of the ionizing laser pulse 
at the moment of tunneling. The exponential 
factor depends only weakly on the alignment 
of the molecule (through a weakly angular- 
dependent Stark-shift), Therefore, it is approx- 
imately cancelled in any ratio of two different 
alignments. However, the electronic wave function 
|'¥;) is locked to the molecular frame, whereas 
p, is defined with respect to the laser-field di- 
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rection. Therefore, the alignment dependence of 
the projected wave function (p,|*P;) is accen- 
tuated by taking ratios. We now show that this 
basic tunneling concept agrees with our experi- 
mental measurements. 

Using the wave function for the HOMOs of 
Nz and Op, we calculated the lateral electron mo- 
mentum distributions (both shape and amplitude) 
that emerge from the molecules for each molec- 
ular alignment. The electrons are given initial 
conditions determined by tunneling and then clas- 
sically propagated in the field of a pulse identical 
to the experiment, taking into account the parent 
ion’s Coulomb potential (/9, 20). Finally, each 
molecular alignment contributes to the predicted 
spectrum, according to its weight in the measured 
alignment or anti-alignment distribution, There 
are no free parameters in this model (described 
more fully in SOM text C). The results are shown, 
in the bottom row of Fig. 3. The simulation re- 
produces the symmetry seen in the experiment. 
The model also shows that imperfect alignment 
causes the orbital’s footprint to disappear in the 
unnormalized spectra (Fig. 2, A and B). That is, 
the node is filled by the alignment distribution of 
ionizing molecules. 

We now turn to the structures at higher elec- 
tron momenta (p, > 0.5 au) and (|p.| > 1.5 au) 
in Fig. 2, C and D. This region is dominated by 
electrons that have rescattered. In Fig. 2, C and D, 
the relative probability of finding an electron in 
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Fig. 1. (Top) Tunneling creates a filtered projection of the molecular orbital. Approximately half of the 
electron wave packet escapes directly to the detector. (Bottom) Remaining portion is driven back to the 
parent ion. Here, the central portion of the recolliding wave packet is shown diffracting from the molecule. 
The outer portions of the wave packet (not shown) weakly interact with the ion potential. The relative 
strength of each component depends on the filtered projection of the molecular orbital and therefore on 


molecular alignment. 
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the momentum region p,=2 au, py = 1.5 au in all 
quadrants and at p, = 0 au, py = 1 au passes 
through rather broad local maxima, There are 
corresponding minima at p, = 2 au, py = 1.5 au 
and at p,=0 au, p, = | au. This structure contains 
information on the scattering potential. That is, 
we experimentally observed LIED. 

Interpreting an electron distribution such as 
this is different from interpreting conventional 
electron diffraction because of the presence of the 
laser field (/7). We analyzed our data in analogy 
to the attosecond streak camera (2/) to remove 
the influence of the laser field on the electron 
momentum after the scattering has occurred. 
The final, observed momentum of a scattered 
electron _is Bin = Bec + Age (17), where 
Aree = (Eo/W)Sin Ofc is the vector potential 
defined by the electric field E(t) = Ey cos(ot) 
of the probe pulse (here, w is the frequency of 
the light), and 7%,,. is the electron momentum 
at the time fc of recollision. This analysis yields 
a manifold of momentum spheres centered at 
De = Are With radii poe. The maximum radius 
Preemax corresponds to a recollision energy of 
3.17U, [where Up = (Eo/2w)” is the pondero- 
motive potential]. Slicing the momentum spheres 
at perpendicular planes defined by p, ~ 0 and 
py * 0 yields diffraction circles such as those 
illustrated in Fig. 4 (at left). Within each diffrac- 
tion circle, we can relate our results to conven- 
tional electron diffraction: ~ is the scattering 
angle, and the radius of each circle is the elec- 
tron momentum or wavelength, 2 = Alpjee 
(where h is Planck’s constant), at which scat- 
tering occurs. 

The four panels at right in Fig. 4 show the 
value of the measured electron distributions along 
diffraction circles of radius 1.4 au (blue), 1.2 au 
(red), and 1.0 au (black). Each curve is offset for 
clarity, Electrons in the range 0° < @ < 30° or 
330° <  < 360° are direct electrons and are not 
plotted in the figure (details in SOM text D). 

Because the molecules were aligned along the 
y axis, the py-p, projection is the most intuitive 
plane in which to analyze diffraction. At a recol- 
lision momentum p,.. of | au, the electron wave- 
length 4 = 6.3 au is larger than twice the equilibrium 
bond length of O; (d= 2.3 au). However, numerical 
simulations (22, 23) and experiments (24) have 
shown that the appropriate electron wavelength 
for diffraction is the wavelength at the core of the 
ion. That is, the recollision energy (corresponding 
to the radius of the diffraction circle) plus the 
ionization potential of the HOMO yield the appro- 
priate diffraction wavelength. With this assump- 
tion (A = 4.57 au), the first minimum at around 
60° (and then at 300°) thus corresponds to a bond 
length of 2.6 au. 

To help extend this interpretation, we turned 
to simulation (SOM text E). We used the prob- 
ability of recollision as a function of the angle 
between the molecule and the laser electric field 
and averaged over the alignment distributions. 
The electron recollision momentum is chosen by 
selecting a diffraction circle for analysis. We made 


three final assumptions: (i) We assumed that the 
electron wavelength corresponds to the sum of 
recollision energy and the field free ionization 
energy. (ii) We assumed two-center diffraction, 
(iii) Because long trajectory electrons dominate, 
we concentrated on them. The resulting distribu- 
tions are shown in the solid curves in Fig. 4. 
Comparing the calculated and measured distribu- 
tions, we see that the modulation in the regions 
p = 50° — 150° and ~ 210° — 310° arises from 
diffraction. The dashed lines highlight the shift of 
the diffraction maxima and minima with the 
electron wavelength. Electrons that backscatter 
through @ ~ 180° are not properly described. 
They appear in the figure in the range  ~ 150° 

210°. The overall agreement in the positions of 


Fig. 2. Measured 3D electron 
momentum distributions projected 
onto three orthogonal planes. (A 
and B) Raw electron distributions for 
aligned and anti-aligned 02 mole- 
cules, respectively. (Insets) Sketches 
of the molecular alignment distribu- 
tions. The aligning pulse (green) is 
polarized along the y axis, whereas 
the ionizing laser polarization (red) 
lies along the z axis. Spectra are not 
symmetrized, and data points in the 
white area at p, = —2 au are re- 
moved because there the spectrom- 
eter resolution deteriorates. Each 
figure represents =5 x 10° laser 
shots, yielding a dynamic range of 
10°. (C) Difference between (A) and 
(B) normalized to their sum (nor- 
malized difference). (D) Same as (C) 
but for N2. 


the diffraction minima and maxima between sim- 
ulations and experiment is good, except for No in 
the p,-p, plane, where the simulated diffraction 
peaks appear shifted. This peak shift probably 
comes from an overestimation of the recollision 
probability for No molecules oriented parallel to 
the laser field in the model. 

There are three reasons why we obtain 
agreement for most angles. First, using normal- 
ized differences makes the two-center scattering 
contribution highly visible while making our re- 
sults somewhat insensitive to details of the atom- 
ic contribution (25). Second, by concentrating on 
relatively high-energy electrons, we only need to 
consider the first recollision (9), keeping the 
electron trajectories relatively simple. Third, al- 
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though the screened Coulomb potential is not 
fully treated in our diffraction analysis, we add 
the most important aspect by augmenting the 
electron energy measured from the scattering 
circles by /, (17, 22, 23). 

We have demonstrated that multiphoton ion- 
ization in the tunneling limit gives extensive in- 
formation on the ionizing electronic orbital. If we 
rotate the molecule in small steps, all momenta 
from the wave function are sampled. We only 
need to select one angle for diffraction. This dif- 
fraction pattern reveals the interatomic dimensions 
of'a molecule, Interestingly, the angle could be se- 
lected to favor revollision only from particular elec- 


diffraction circles are superimposed. The radius of the circle defines the 
recollision momentum Prec (scattering wavelength); their width defines 
the range of momenta that are analyzed; and @ is the scattering angle. 
The four plots at right show the angular distributions within the indicated 
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tronic configurations, allowing us to determine the 
structure of selected isomers or of excited states. 
In a diffraction experiment, selecting a dif- 
ferent electron wavelength A changes the diffrac- 
tion pattern in the same way as a change in the 
intemuclear separation d (sin = n/d, where n is 
the order of the diffraction peak). By showing 
that a 20% change in electron wavelength makes 
a measurable difference in the diffraction pattern, 
we indirectly demonstrate that vibrational or photo- 
chemical dynamics can be combined with LIED. 
Coincidence imaging allows us to use the charac- 
teristics of the correlated ion to select those events 
that we wish to analyze, Thus, LIED provides a 


Fig. 3. py versus py 
projections of the nor- 
malized differences for 
Oz and Nz. (Top) Ex- 
perimental data (from 
Fig. 2). The color scale 
has been changed to em- 
phasize the low lateral- 
momentum structure near 
the center of each figure 
enclosed in the dashed 
circle. The low lateral 
momentum retains the 
symmetry of the HOMO 
(shown above). (Bottom) 
Magnified results of our 
simulation (see text). 
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Fig. 4. Left panel is reproduced from Fig. 2C. Three color-coded diffraction circles (see SOM text D for details). The color coding is 


error bars (16). 
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method to isolate structural changes of any excited 
state that impresses a distinct signature on the ion. 

In studies where coincidence imaging is 
unnecessary, employing a technology such as 
velocity map imaging (26, 27) would allow elec- 
tron spectra to be recorded using lasers with 
repetition rates as high as 136 MHz (28). Data of 
the same quality that we show could be obtained 
in milliseconds or less. Such a measurement is 
practical for any molecule that can be placed in 
the gas phase, provided that the strong field does 
not dislodge other electrons in an uncontrolled 
manner (29) and provided that the molecule can 
be aligned with sufficient precision, 

Finally, we stand back and survey the emerg- 
ing strong-field technology for molecular imag- 
ing. Tunneling, one of the most fundamental of 
the quantum mechanical processes, initiates all of 
the methods. Information about the ionizing 
orbital of the neutral molecule is imprinted on 
the tunneled electron. A second perspective on 
the molecular orbital is contained in the high- 
harmonic radiation that is produced upon recol- 
lision. High-harmonic radiation has two major 
advantages over tunneling. First. by measuring 
photons rather than electrons the problem of 
space-charge is avoided. Second, if the tunneled 
wave packet is independent of the angle between 
laser-field and molecular axis, tomography 
provides a well-developed algorithm for invert- 
ing the image (//, 30). However, there is one 
major disadvantage: Tunneling and recombina- 
tion are entwined in the angle-dependent har- 
monic spectrum (3/). This problem has so far 
limited the application of orbital tomography. 

‘A complementary insight is achieved by laser 
Coulomb explosion imaging (32-34) We become 
sensitive to the position of the nuclei in a molecular 
ion. LIED supplies us with the means to overcome 
the limitations of Coulomb explosion imaging and 
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preserved. Results of the simulations are superimposed as solid lines. The 
curves for recollision momentum of 1.0 au have no offset. For clarity, 
other curves are offset in units of 0.2. The data are shown with statistical 
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‘opens the pathway toward the imaging of larger 
molecules. Taken together, we can obtain a full 
picture of molecules. With the extension of these 
tools to pump-probe techniques, we will be able to 
simultaneously trace the temporal changes in the 
nuclear and electronic structure of molecules. 
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Electrical Resistance of Long 
Conjugated Molecular Wires 


Seong Ho Choi, BongSoo Kim, C. Daniel Frisbie* 


The charge transport mechanism of a wire can be revealed by how its electrical resistance varies 
with length. We have measured the resistance and current-voltage characteristics of conjugated 
molecular wires ranging in length from 1 to 7 nanometers, connected between metal electrodes. 
We observe the theoretically predicted change in direct-current transport from tunneling to 
hopping as a function of systematically controlled wire length. We also demonstrate that 
site-specific disruption of conjugation in the wires greatly increases resistance in the hopping 
regime but has only a small effect in the tunneling regime. These nanoscale transport 
measurements elucidate the role of molecular length and bond architecture on molecular 
conductivity and open opportunities for greater understanding of electrical transport in conjugated 


polymer films. 


harge transport can occur through long, 
( r-conjugated molecules (/-3), and the 

term “molecular wire” is often used to 
describe conjugated molecules in which charge 
transport is efficient over long distances (4, 5). 
For example, the B-carotene molecule can trans- 
fer electrons over tens of Angstroms (6). In the 
context of molecular electronics, where the ul- 
timate goal is the fabrication of circuitry based on 
the prescribed electronic function of individual 
molecules (4, 7), it is desirable to have a quan- 
titative definition of what constitutes a molecular 
wire. 

A fundamental property of a wire is the 
scaling of its resistance (or conductance) with 
length. The length dependence of resistance is a 
direct consequence of the charge transport mech- 
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anism. In the macroscopic world, the resistance 
of a metallic wire increases linearly with length 
as a result of the diffusive nature of carrier 
transport in the metal. However, this particular 
scaling need not hold for conduction in mole- 
cules over nanometer-length scales, as has been 
pointed out theoretically (8-10) and observed 
experimentally (2, 3, 1, 12). For short molecules 
(<3 nm) connected between metallic contacts, it 
is well-accepted that resistance scales exponen- 
tially with length according to Eq. 1. 


R = Ro exp(BL) 


() 


where R is the junction resistance, Ro is an ef- 
fective contact resistance, L is molecular length, 
and B is the exponential prefactor that depends 
on the nature of bonding in the molecular back- 
bone. The exponential length dependence in Eq. 
1 results directly from the transport mechanism in 
metal/molecule/metal junctions based on short mol- 
ecules, namely, direct (nonresonant) tunneling. 
For longer molecules connected between 
metal electrodes, the scaling of resistance with 


length can be anticipated by comparison to 
fundamental studies of electron transfer in solu- 
tion. Both theory and experiment on soluble donor- 
bridge-acceptor (D-B-A) systems (2, 3, 8, 1, 12) 
indicate that for long molecular bridges, the 
charge transport mechanism changes from direct 
tunneling to hopping, as evidenced by a change 
in the length dependence of the electron transfer 
rate constant. Specifically, for short bridges, the 
length dependence is exponential, corresponding 
to the tunneling regime, and for long bridges, the 
scaling is linear, as expected for hopping trans- 
port; in the experiments reported by Wasiclewski 
and colleagues (2), the transition occurs when the 
conjugated bridge becomes longer than ~2.5 nm. 
The weaker length dependence associated with 
the hopping regime facilitates the transport of 
charge over greater distances, and it is this regime 
that might be considered most “wirelike,” 
although tunneling through saturated peptide 
bonds, for example, has also been shown to 
provide enhanced transport over relatively large 
distances in redox proteins (13, 14). 

In the context of molecular electronics, it has 
been difficult to systematically examine the 
hopping regime in conjugated molecular wires 
connected to metallic contacts because of the 
relatively large range of molecular lengths re- 
quired (spanning many nanometers) and the 
complexities of adsorbing long molecul 
metal surfaces while controlling orientation. 
Electrical transport measurements on molecules. 
up to 18 nm in length have been reported (/5), 
and charge hopping in molecular junctions has 
been observed (/6-/8), but the systematic length 
dependence of conduction has not been a prin- 
cipal focus. 

Here, we provide direct evidence for a change 
in transport mechanism from tunneling to hop- 
ping in molecular junctions based on conjugated 
oligophenyleneimine (OPI) wires ranging in 
length from 1.5 to 7.3 nm. We contacted OPI 
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wires grown from one electrode using controlled 
aryl imine addition chemistry; a metal-coated 
atomic force microscope (AFM) tip was used to 
make the second contact. We show that near 
4nm in length, the mechanism of transport in the 
wires changes abruptly, as evidenced by striking 
changes in the length, temperature, and electric 
field dependence of the current-voltage (/-V) 
characteristics. For longer wires, an analysis of 
the bias dependence established at least three 
different regimes of transport and provided an 
estimate of the single-wire conductivity. Overall, 
these experiments open considerable opportuni- 
ties to probe the physical organic chemistry of 
molecular conduction, ¢.g., the roles of specific 
functional groups and bonding architectures on 
hopping transport in molecular wires. 

OPI wires on gold substrates were prepared 
by a slight modification of a previously reported 
method (/9). Figure 1A shows the molecular 
structure of OPI wire precursors (OPL-p) and 
OPI wires, as well as synthetic routes. The 
growth of OPI wires begins with OPI 1-p, pre- 
pared by immersing gold substrates into 1 mM 
4-aminobenzenethiol in absolute ethanol for 24 
hours. OPI-p wires were then grown by step-wise 
imination, with alternate addition of benzene-I,4- 
dicarboxaldehyde and benzene-1,4-diamine, as 
shown in Fig. 1A. Each OPI-p wire terminated 
with NH, or —CHO groups was end-capped 
with benzaldehyde or aniline, respectively. The 
end-capping provided a consistent terminal 
group throughout the OPI series that facilitated 
reproducible electrical characterization. After 
each growth, both OPI-p and OPI monolayers 
were thoroughly rinsed with absolute ethanol and 
then dried in a stream of No. 


Fig. 1. (A) Molecular structure and synthetic route to OPI-p and OPI monolayers on gold 


Both OPI-p and OPI monolayers were 
characterized extensively by ellipsometry, x-ray 
photoelectron spectroscopy (XPS), reflection- 
absorption Fourier transform infrared spectros- 
copy (RAIRS), and cyclic voltammetry (CV). 
Key results are summarized in Table | as well as 
in the supporting online material (20). Monolayer 
thickness from ellipsometry and XPS measure- 
ments increased gradually, as expected, upon 
repeated imination, From the difference between 
estimated wire length and the measured mono- 
layer thickness, we conclude that the OPI wires 
are tilted with an angle increasing from 20° to 45° 
with respect to the surface normal as wire length 
increases. 

The RAIRS data, shown in Fig. 1B (left), 
reveal the alternate appearance and disappear- 
ance of carbonyl stretches (1710 cm ') and 
symmetric amine stretches (3350 cm ') in OPI-p 
molecules, which verified the imination mech- 
anism and indicated near quantitative reaction of 
all exposed reactive end groups. The intensity of 
imine stretching (1620 cm') and the benzene 
ring vibrational mode (1500 cm‘) increased 
with the number of repeat units, as expected. 
Complete end-capping was confirmed by the 
disappearance of the terminal group vibrational 
modes in Fig, 1B (right). 

Cyclic voltammograms (CV) of OPI wires 
are displayed in fig. SS (20), and oxidation 
potentials and the estimated surface coverages 
for cach OPI wire are compiled in Table 1 and 
table $2 (20). The CV sweeps of the OPI wires 
show nearly identical surface coverage (2.5 x 10"'° 
to 5.5 x 10 '° mol/cm) over the entire set of 
wires. Evidently, packing density is not greatly 
affected by molecular length. Collectively, the 
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surface characterization data indicate that high- 
quality monolayers of OPI wires were prepared, 

We investigated the transport characteristics 
of OPI wires using a conducting probe (CP) 
‘AEM (fig. $1), which has been used to measure 
conduction in a variety of molecular systems 
(21-23). In the semilog plot of resistance (R) 
versus molecular length (L) (Fig. 2A), each data 
point represents the average of 10 /-V traces. A 
clear transition of the length dependence of re- 
sistance is observed near 4 nm (OPI 5), indicating 
that the conduction mechanism is different in short 
(OPI | to 4) and long (OPI 6 to 10) OPI wires. In 
short wires, the linear fit in Fig, 2A indicates that 
the data are well described by Eq. 1 for non- 
resonant tunneling. The B value is found to be 


3 nm |, which is within the range of B values of 


typical conjugated molecules (24, 25), 

For long OPI wires, there is a much flatter 
resistance versus molecular length relation (B ~ 
0.9 nm). The extremely small B suggests that 
the principal transport mechanism is hopping, as 
has been concluded in solution electron transfer 
studies of D-B-A systems (2, //, 26). A plot of R 
versus L (Fig. 2A, inset) for long wires is linear, 
which is consistent with hopping and indicates 
that Eq. 1 does not apply for long wires. The 
change in transport mechanism apparent in the 
length-dependent measurements was verified by 
the temperature dependence. Figure 2B shows 
that resistance for OPI 4 is independent of tem- 
perature from 246 to 333 K, as expected for tun- 
neling. However, both OPI 6 and OPI 10 display 
the strongly thermally activated transport that is 
characteristic of hopping. The activation energies 
determined from the slopes of the data are iden- 
tical at 0.28 eV (6.5 kcal/mol) for both OPI 6 and 
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(C=0, 1710 cm™), and imine stretches (C=N, 1620 cm~*). Peaks for NHz and C=O appear in the uncapped OPI-p wires with odd and even numbers of 
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OPI 10. Contact effects are not responsible for the 
activated transport, because straightforward calcu- 
lation shows that the injection efficiency is >99% 
(27). Collectively, the data in Fig. 2 indicate that 
the conduction mechanism transitions from tun- 
neling to hopping near 4 nm. 

Questions remain conceming the nature of 
the hopping sites in the long wires and the origin 
of the 0.28 eV activation energy. Electronic 
delocalization is limited in aromatic oligoimines 
because of the nonzero dihedral angle between 
the benzene ring and the imine bonds (28), that 
is, the wire molecules are not flat and the 
a-conjugation is broken, We have confirmed by 
ultraviolet-visible absorption spectroscopy that 
the conjugation does not extend over the entire 
wire (20). The optical gap (E,) reduces with 
molecular length up to OPI 3 and then remains 
constant at 2.6 eV for longer OPI wires (Table 1). 
This result indicates that the x-conjugation 
extends over three repeating units by means of 
the imine linkage and that longer wires contain 
weakly linked conjugated subunits. 

We propose that the short, three-repeat con- 
jugated subunits are the charge-hopping sites in 
the wires and that the hopping activation energy 
corresponds to the barrier for rotation of the 
aromatic rings, which transiently couples the 
conjugated subunits. Charges are driven down 
the wires as the conjugation fluctuations permit. 
Torsional vibrations of the rings in analogous 
aromatic oligoimines are accompanied by 
coupled alterations of the C=N bond length, and 
this concerted motion is likely responsible for 
transiently coupling the conjugated subunits (29). 
The energy associated with these collective 
motions is indeed ~0.3 eV (29, 30), which is 
comparable to the observed hopping barrier. 
From the slope of R versus L in Fig. 2 and the 
estimated number of wires in the junction (~100), 
we calculated a single-wire conductivity of | * 
10° S/cm. This low value must reflect the low 
density of carriers in the wires and the significant 
hopping activation energy (3/-33). 

To examine the sensitivity of conduction to 
the wire architecture, we designed conjugation- 
broken OPI wires (CB-OPIs) in which an 
aliphatic cyclohexyl group was inserted into the 
molecular backbone. To incorporate the cyclo- 


Table 1. Selected experimental and calculated data for OPI wires. Molecular 
length was estimated with the Cambridge Scientific Chem3D software. Molecular 
length is the terminal H to S distance plus the Au-S bond length. It was assumed 
that Au-S bond length is 2.36 A (41). Film thickness is from ellipsometry and 


hexyl moiety, we performed the imination with 
1,4-diaminocyclohexane at elevated temperature 
(40°C) in pure ethanol for 24 hours. The structure 
of CB-OPI wires and their low voltage resist- 
ances are shown in Fig, 3. For CB-OPI 3 and 
CB-OPI 4, the resistance is increased compared 
with OPI 3 and OPI 4, as expected, because the 
aliphatic cyclohexyl links raise the average tun- 
neling barrier, However, for the longer CB-OPI 8 
and CB-OPI 10 molecules, the resistance change 
from the corresponding OPI 8 and OPI 10 wires 
is considerably greater, nearly two orders of 
magnitude, 

Evidently, conduction in the long wires is 
much more sensitive to the presence of the 
cyclohexyl group than in the short wires, which 
also supports a difference in the charge transport 
mechanism. For hopping transport in the long 
wires, a large change in resistance is expected 
upon interrupting the conjugation. Ratner and 
colleagues (34, 35) have calculated the site-to- 
site hopping probabilities for molecular wires 
and, indeed, a disruption in conjugation has a 
dramatic impact on electron transfer rates. 


However, tunneling is relatively insensitive to 
small perturbations in the conjugation of molec- 
ular bridges, because the tunneling rate reflects 
the average potential barrier of the bridge, not the 
barrier of the discrete cyclohexyl group alone. 
Thus, the conjugation blocking experiments 
confirm that conduction depends on the bond 
architecture, and they also support the conclusion 
that tunneling occurs in the short wires and 
hopping transport prevails in the long wires. 

We have also carefully examined the voltage 
and electric field dependence of the /-V character- 
istics (Fig. 4). The semilog plot of / versus V for 
OPI wires in Fig. 4A demonstrates that current 
decreases as wire length increases, in keeping 
with the resistance results shown in Fig, 2. For 
the short wires (OPI | to 4), increasing molecular 
length yields large decreases in the current at all 
potentials. However, for the long wires (OPI 6 to 
10), the log /-V curves show smaller decreases in 
current with increasing length. A plot of log / 
versus electric field E (Fig. 4, inset) reveals that 
the traces for the long wires collapse nearly on 
top of one another. This result indicates that for 
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Fig. 2. Measurements of molecular wire resistance with CP-AFM. A gold-coated tip was brought 
into contact with an OPI monolayer on a gold substrate. The /-V traces were obtained over +1.5 V 
for OPI 3 to 10 and +1.0 V for OPI 1 and 2 at a load of 2 nN on the tip contact. (A) Semilog plot of 
R versus L for the gold/wire/gold junctions. Each data point is the average differential resistance 
obtained from 10 /-V traces in the range —0.3 to +0.3 V. Error bars, 1 SD. Straight lines are linear 
fits to the data according to Eq. 1. (Inset) A linear plot of R versus L, demonstrating linear scaling 
of resistance with length for the long OPI wires. (B) Arrhenius plot for OPI 4, OPI 6, and OPI 10. 
Each data point is the average differential resistance obtained at six different locations on samples 
in the range —0.2 to +0.2 V. Error bars, 1 SD. Straight lines are linear fits to the data. 


XPS; the XPS data are underestimated because the intensity of photoelectrons 
from N atoms is not considered in the calculation of film thickness. The oxidation 
potentials were determined from the lower edge of the oxidation peak of OPI 
wires referenced to ferroceniumvferrocene (Fc*/Fc). 


Estimated Film thickness 
Monolayer molecular (by E, eke nin" nin tt" — “ 1 Ore 
i n oye trans i 

length ellipsometry/XPS) (eV) w Tov’ bee v' cavienl avin (ev) 

(am) (nm) 
opi 2 21 18/16 31 0.22 11 - 0.85 [4.0] = = 
oP 3 2.8 25/19 2.6 0.14 11 - 0.75 [2.7] = = 
opi 4 3.4 3.0/2.1 2.6 0.06 13 - 0.75 [2.2] = - 
OPI 6 47 41/27 2.6 0.05 12 2.6 1.00 [2.1] 0.5 [1.0] 0.3-0.5 
oP! 10 73 5.3/4.0 2.6 0.00 09 2.6 0.95113] 0.40106] —_—0.3-0.5 
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the long wires, transport is field driven, as 
expected for a hopping mechanism in which the 
electric field pushes the carriers along the 
molecules. However, for the short wires, the -E 
curves do not collapse on top of one another 
because tunneling is a voltage-driven process. 

A log-log plot of the /-V characteristics 
facilitates more detailed analysis. Figure 4B 
displays log F-log V characteristics for OPI 4 


10" 


and OPI 10, representative of the short and long 
wires. For OPI 4, there are two different transport 
regimes, labeled I and II; the transition occurs at 
0.75 V. For OPI 10, the dependence is more 
complex, with three identifiable transport re- 
gimes (I’, II’, and III’) and transitions at 0.40 V 
and 0.95 V. 

The data for OPI 4 in Fig. 4B demonstrate 
that, in regime I, the current scales linearly with 
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Fig. 3. Semilog plot of R versus L 
for gold/OPI/gold junctions and CB 
gold/CB-OPI/gold junctions. Each 
data point is the average differen- 
tial resistance from 10 /-V traces in 
the interval —0.3 V to 0.3 V. Error 
bars, 1 SD. The blue squares are the 
resistances of CB-OPI wires. Pink 
boxes indicate the position where 
conjugation is broken. 
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Fig. 4. (A) Semilog plot of the average current of 10 


FV traces for gold/wire/gold junctions. The inset is 


a semilog plot of / versus E for long OPI wires. (B) Log-log plot of the average of 10 /-V traces for the 
gold/OPI 4/gold and gold/OPI 10/gold junctions. Fits are shown in the different transport regimes. 
(Inset) A log-log plot of / versus L obtained at 0.7 V for all long OPI wires, displaying the linear fit with 


a slope of —3.5 (0.7 V is the bias at which all long OPI 


1 wires are within regime II’). (C) Fowler-Nordheim 


plot for the OPI 4 data in (B). Two distinct regimes (I and II) are clearly observable, with an inflection 


Point at V,,ans, indicating the switch from tunneling to field emission. The inset displays the sigmoidal 


current-voltage curve on a linear scale. (D) Fowler-Nordheim plot for the OPI 10 data in (B). Three 
distinct regimes (I’, II’, and III’) are evident. The inset shows the sigmoidal current-voltage curve. 
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voltage. Linear /-V behavior is expected for tun- 
neling in the low-bias regime. To a first approx- 
imation, the metal/wire/metal junction can be 
modeled as a simple trapezoidal tunneling barrier, 
In this case, the tunneling current at low bias is 
given by Eq. 2. 


ee oo Q) 


where d is the barrier width (wire length), m, is 
the electron effective mass, and @ is the effective 
barrier height. At higher bias, the electric field 
changes the shape of the tunneling barrier from 
trapezoidal to triangular (36). In this case, the /-V- 
behavior can be described by the Fowler- 
Nordheim relation: 


n(h) = RA) 


3hiq v 
where q is the elementary charge. 

The Fowler-Nordheim plot in Fig. 4C reveals 
a striking change in conduction behavior. For low 
voltages (Regime I), the current scales logarith- 
mically with 1/V, as expected from Eq. 2, 
indicative of direct tunneling. Above the transi- 
tion voltage Virany = 0.75 V (Regime Il), the 
current scales linearly with 1/V, with a negative 
slope characteristic of field emission (Eq. 3). The 
transition point, Vizans is an estimate of the low 
voltage barrier height and corresponds to the 
voltage where the slope of the OPI 4 data 
changes in Fig. 4B. The Vans Values for the 
other short OPI wires are listed in table $1. The 
decrease of Vinny With length in short wires 
indicates that the estimated barrier height de- 
creases as expected from the trend in oxidation 
potentials of OPI wires determined by cyclic 
voltammetry (Table 1) (20). Collectively, the data 
in Figs. 2 to 4 allow us to conclude that the 
transport mechanism in the short wires at low 
bias is direct (nonresonant) tunneling and tran- 
sitions to field emission at higher bias. 

We have carried out a similar analysis of the 
LV behavior for long wires, OPI 6 to 10. The 
Fowler-Nordheim plot for OPI 10 in Fig, 4D 
reveals three distinct regimes corresponding with 
regimes I’, II’, and III’ in Fig. 4B. In the low-bias 
regime I’, the current scales linearly with voltage, 
which is consistent with ohmic hopping conduc- 
tion. Linear scaling with V was taken as support 
for nonresonant tunneling in short wires in the 
discussion above (Eq. 2), but it is already clear 
that the low-bias mechanisms are different for the 
long and short wires, and direct tunneling is not 
consistent with the dependences of resistance on 
length or temperature evident in Fig. 2B. Ohmic 
(field-driven) conduction is also linear in V and 
requires that carriers be present in the wires. We 
propose that carriers are introduced in the long 
wires from the gold contacts and that these 
carriers result in ohmic hopping conduction at 
low biases up to Vy, the transition voltage from 
regime I to IV, The presence of carriers (most 
likely positively charged holes) in the wires 
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means that the energy barrier to charge injection 
from the gold contacts must be smaller than the 
0.7 eV Ep-Eyomo offset measured by ultraviolet 
photoelectron spectroscopy (UPS) (20). Indeed, 
the offset will be reduced considerably by both 
the image potential associated with the metal 
contacts and the polaron shift (/6), both of which 
are not accounted for in UPS measurements (37). 

The negative slope in the high-voltage regime 
II’ of Fig. 4D suggests that field emission may 
also occur in OPI 10 (similar results wer 
obtained for OPI 6 to 9). From the slope in 
regime III’, we calculated the emission barrier 
height (rx) to be in the range of 0.3 to 0.5 eV, 
assuming carrier effective mass ratios in the 
range 0.1 to 1.0, which are typical for molecular 
junctions (24). We also considered other possible 
transport mechanisms in the metal/wire/metal 
junction, such as Schottky emission at the 
contact, Poole-Frenkel emission in the wires, 
and space-charge-limited transport in the pres- 
ence of traps (38, 39). However, we did not 
obtain reasonable values for extracted physical 
parameters with these other mechanisms (20). 
The estimated emission barrier heights for the 
other long OPI wires are also listed in Table 1 and 
table SI. Regime II’ is a transitional regime 
between ohmic conduction and field emission for 
OPI 10, and it may correspond to space-charge- 
limited conduction (SCLC), based on the slope of 
2.6 in the log / versus log V’ plot (Fig. 4B) and the 
slope of -3.5 in the log / versus log L plot at 0.7 V 
(inset in Fig. 4B) (39, 40). Further work is 
necessary to conclusively establish the transport 
mechanism in this regime. 


References and Notes 

1. A. Nitzan, M. A. Ratner, Science 300, 1384 (2003). 

2, W. B, Davis, W. A. Svec, M. A. Ratner, M. R. Wasielewski, 
Nature 396, 60 (1998). 

3. B. Giese, J. Amaudrut, A. K. Kohler, M. Spormann, 
S. Wessely, Nature 412, 318 (2001). 

4, R.L Carroll, C. B. Gorman, Angew. Chem. Int. Ed. 42, 
4378 (2002). 

5. H. D. Sikes et al, Science 291, 1519 (2001) 

6. J. He et al, J. Am. Chem, Soc, 127, 1384 (2005). 

7. K.S. Kwok, J.C Ellenbogen, Mater. Today 5, 28 (2002). 

8. D. Segal, A. Nitzan, W. B. Davis, M. R. Wasielewski, 
M.A. Ratner, J. Phys. Chem. B 104, 3817 (2000). 

9. D. Segal, A. Nitzan, M. Ratner, W. B. Davis, J. Phys 
Chem. 8 104, 2790 (2000). 

10. Y. A. Berlin, A, L. Burin, M. A. Ratner, Chem. Phys. 275, 
61 (2002). 

11, B. Giese, Acc. Chem, Res. 33, 631 (2000). 

12. E.M, Conwell, Proc. Natl. Acad. Sci. U.S.A. 102, 8795 (2005). 

13. D. N, Beratan, J. N. Onuchic, J. R, Winkler, H. B. Gray, 
Science 258, 1740 (1992). 

14, H. B. Gray, J. R, Winkler, Proc. Natl. Acad. Sci. U.S.A. 
102, 3534 (2005). 

15, W. P. Hu et al, Phys. Rev. Lett. 96, 027801 (2006). 

16, S. Kubatkin et al., Nature 425, 698 (2003). 

17. Y. Selzer, M. A. Cabassi, T. 5. Mayer, D. L. Allara, 
J. Am. Chem. Soc. 126, 4052 (2004). 

18. Y. Selzer et al., Nano Lett. 5, 61 (2005). 

19. J. J. W. M, Rosink et al., Langmuir 16, 4547 (2000). 

20. Materials and methods are available as supporting 
material on Science Online. 

21. D.J.Wold, C.D. Frsbie,j. Am. Chem. Soc. 123, 5549 (2001). 

22. V. B. Engelkes, J. M. Beebe, C. D. Frisbie, J. Am. Chem. 
Soc. 126, 14287 (2004). 

23. X. D. Cui et al, Science 294, 571 (2001). 

24. A. Salomon et al., Adv. Mater. 15, 1881 (2003). 

25, M.D. Newton, Chem, Rev. 91, 767 (1991). 

26. F. C. Grozema, Y. A. Berlin, L. D. A. Siebbeles, j. Am. 
Chem. Soc. 122, 10903 (2000). 

27. Y. L. Shen, A. R. Hosseini, M. H. Wong, G. G. Malliaras, 
Chem. Phys. Chem. 5, 16 (2004). 

28. R. Akaba, K. Tokumaru, T. Kobayashi, Bull. Chem. Soc. 
Jpn. 53, 1993 (1980). 


The Impact of Stratospheric 
Ozone Recovery on the Southern 
Hemisphere Westerly Jet 
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E, Rozanov,”® T. G. Shepherd,’ K. Shibata’? 


In the past several decades, the tropospheric westerly winds in the Southern Hemisphere have 
been observed to accelerate on the poleward side of the surface wind maximum. This has 

been attributed to the combined anthropogenic effects of increasing greenhouse gases and 
decreasing stratospheric ozone and is predicted to continue by the Intergovernmental Panel on 
Climate Change/Fourth Assessment Report (IPCC/AR4) models. In this paper, the predictions of 
the Chemistry-Climate Model Validation (CCMVal) models are examined: Unlike the AR4 models, 
the CCMVal models have a fully interactive stratospheric chemistry. Owing to the expected 
disappearance of the ozone hole in the first half of the 21st century, the CCMVal models predict 
that the tropospheric westerlies in Southern Hemisphere summer will be decelerated, on the 
poleward side, in contrast with the prediction of most IPCC/AR4 models. 


ecent observations (J) indicate that the 
R westerly jet in the Southern Hemisphere 

(SH) troposphere is accelerating on the 
poleward side; this is usually described as a posi- 


tive trend of the Southern annular mode index 
(1). This acceleration has important consequences 


for SH climate: It directly affects the surface 
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Understanding and predicting changes in the SH 
westerlies are therefore of the utmost importance. 

Climate models have shown that the recent 
wind changes likely result from an increase in 
greenhouse gases and the depletion of strato- 
spheric ozone (9-1/), but the relative contribution 
of these two effects remains an open question, 
especially for the 21st century when stratospheric 
ozone is expected to recover as a result of the im- 
plementation of the Montreal Protocol (/2), The 
multimodel mean of the IPCC/AR4 atmosphere- 
‘ocean-coupled model integrations indicates that 
the acceleration of the SH westerlies on the 
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poleward side will continue in the 21st century 
(5, 13, 14), albeit at a weaker rate (/3). However, 
because ozone recovery is not uniformly speci- 
fied among the AR4 models, it is unclear at 
present what role, if any, ozone recovery plays in 
the acceleration of the SH westerlies. 

To explore this issue, we examine the predic- 
tions of the CCMVal activity of the “stratospheric 
processes and their role in climate” (SPARC) 
project (/5), These models faithfully reproduce 
past climate change in the SH (see the supporting 
online material). In this study, we analyze the 
output of all seven CCMVal models, which per- 
formed integrations up to the year 2050 (/6). In 
contrast to AR4 models described below, the 
CCMVal models have a high vertical resolution 
in the stratosphere, a model top located above the 
stratopause (~ 50 km), and fully interactive strato- 
spheric chemistry. All CCMVal models are forced 
with the IPCC A1B scenario for greenhouse gases 
and Ab scenario for halogen concentrations. The 
sea surface temperature is prescribed from either 
the coupled AR4 model on which a given 
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Fig. 1. Trends in zonaly and monthly ozone 
(03) and temperature (T) over the polar cap, 
integrated poleward of 70°S. The multimodel 
mean trends between 2001 and 2050 are 
shown for ozone as simulated by CCMVal 
models [parts per million by volume (ppmv) 
decade] (A), temperature as simulated by 


CCMVal model is based or the UK Meteorolog- 
ical Office Hadley Centre model output (/5). 

The CCMVal model integrations are con- 
trasted with those of AR4 models forced by AIB. 
scenario greenhouse gases (/7), Although the 
two sets of model integrations are comparable in 
the troposphere, they are substantially different in 
the stratosphere, Most AR4 models have the 
model top well below the stratopause (/7, /8). 
More importantly, time changes in stratospheric 
ozone concentration are ignored by nearly half 
the models. We examine the output of all 19 AR4 
h is available at the IPCC/AR4 data 
archive: Of these models, 10 prescribe strato- 
spheric ozone recovery, and the other 9 do not 
(/9). The ozone recovery in the former group is 
specified either as simple linear function of time 
‘or from the output of two-dimensional models, 
which are driven by halogen loading consist- 
ent with the Montreal Protocol (/7). The de- 
tailed spatial and temporal structures of the 
prescribed ozone recovery, however, have not 
been documented, 
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Because stratospheric ozone is predicted to 
increase approximately linearly from 2001 to 
2050 in almost all CCMVal model integrations 
(5, 20), we compute linear trends of all quan- 
tities using monthly or seasonally averaged zonal 
fields, from 2001 to 2050. Trends are first calcu- 
lated for the individual model realizations with a 
least-square fit and then averaged among all 
available ensemble members for the same model. 
The multimode! mean trend in the spatial domain 
is produced by interpolating each model's trend 
linearly to the latitudes and log-linearly to the 
pressure levels. 

We start by considering how ozone recovery 
affects the temperature in the upper troposphere 
and lower stratosphere. Figure 1A shows the SH 
polar-cap ozone trend predicted by multimodel 
mean of CCMVal models. The strongest ozone 
recovery is found at 50 hPa in October and at 
lower altitudes in the following months. This pat- 
tern is largely reminiscent of ozone depletion in 
the recent past (2/, 22), except for the reversal in 
sign and slightly higher location of maximum 
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trend, Associated with such ozone recovery, lower- 
stratospheric temperatures over the polar cap 
increase substantially, as seen in Fig. 1B. This 
warming reaches down into the upper troposphere, 
as has been noted in stratospheric-resolving 
general circulation model experiments with pre- 
scribed ozone depletion (9) and chemistry-climate 
model integrations for the recent past (22). 

Figure IC shows corresponding polar-cap 
temperature trends, as predicted by all AR4 
models. This multimodel mean trend shows a 
much weaker warming and is not statistically 
significant in the upper troposphere and lower 
stratosphere. This is due to the way in which 
‘ozone is prescribed in the AR4 models, In nearly 
half of those models, there is no ozone recovery, 
and this results in the absence of warming in the 
lower stratosphere for those models (Fig. 1E). 
Even when ozone recovery is prescribed (Fig. 
1D), the AR4 models produce less robust polar 
cap warming than the CCMVal models because 
of the large intermodel difference in temperature 
trends. 

The ozone-induced temperature change in the 
Jower-stratospheric polar cap has a substantial im- 
pact on the pressure and wind fields in the tropo- 
sphere below (2, /0, 1). Figure 2A shows the 
multimodel mean trend in December-to-February 
mean SH westerlies simulated by CCMVal mod- 
els. The tropospheric westerlies are found to be 
decelerated on the poleward side of the jet, imply- 
ing a negative trend in Southem annular mode 
index in the future. This result is opposite to the 
‘one predicted by the multimodel mean of AR4 
models, which shows acceleration on the pole- 
ward side of the jet (Fig. 2B). The importance of 
ozone-related warming is even clearer if one 
compares AR4 models with and without a 
prescribed ozone recovery. As seen in Fig. 2C, 
the multimodel mean trend for the subset of AR4 
integrations with ozone recovery exhibits features 
qualitatively similar to those in CCMVal models, 
although the dipolar pattem is weaker and does 
not reach to the surface. When the ozone recovery 
is neglected (Fig. 2D), the AR4 models predict the 
opposite trend in the extratropics. This result 
indicates that the effect of ozone-induced 
warming overwhelms that of greenhouse gas 
induced cooling in the lower-stratospheric polar 
cap and plays an important role in the acceleration 
‘of the tropospheric westerlies during the SH 
summer, Note that, owing to its strong seasonality 
(Fig. 1A), ozone recovery plays a minimal role 
during other seasons (22). 

The impact of stratospheric ozone recovery 
on the SH westerlies is further clarified in Fig. 3, 
where the relationships among trends in lower- 
stratospheric polar-cap ozone and temperature, as 
‘well as lower-tropospheric westerlies, are shown 
for all model integrations. For the westerlies, trends 
are quantified by Aful the difference in the 850-hPa 
zonal wind at +10° from the latitude of maximum. 
wind. This is very similar to computing the South- 
em annular mode index (/) but is much simpler in 
practice. 


First, note that the polar-cap warming in the 
lower stratosphere is linearly correlated with ozone 
recovery in the CCMVal models (Fig. 3A). A 
linear correlation is also found between trends in 
polar-cap temperature and in Afu] (Fig. 3B). This 
suggests that stronger polar-cap warming, asso- 
ciated with ozone recovery, results in a larger neg- 
ative A[u] trend. This is equivalent to the larger 
negative trend of the Southem annular mode 
index (i.¢., an equatorward intensification of 
the jet). 

Second, consider the corresponding plot for 
AR4 models (Fig. 3C), Although essentially no 
relationship is found between trends in polar-cap 
temperature and in Afu] for those AR4 models 
with no ozone recovery (open circles), a signif- 
icant negative correlation appears for those AR4 
models with prescribed ozone recovery (filled 
circles). Moreover, the negative correlation for 
the latter AR4 models (dashed gray line) is simi- 
lar to the one obtained from the CCM Val models. 
(solid gray line). This shows that the response of 
tropospheric westerlies to polar-cap temperature 
trends is very robust, because it is found in two 
sets of substantially different climate models. 
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Third, observe that most CCMVal models 
show negative Afu] trends (Fig. 3B), whereas most 
AR4 models show positive Afu] trends (Fig. 3C), 
even when ozone recovery is prescribed. This 
difference is consistent with weaker polar-cap 
warming in AR4 models as compared with 
CCMVal models. Most AR4 models predict a 
polar-cap temperature trend smaller than ~ | K 
decade ', and such values result in a positive A[u] 
trend, even for the CCMVal models. At present, it 
is unclear why AR4 models underestimate the 
low-stratospheric polar-cap warming. On the one 
hand, it could result from an incorrect specifica- 
tion of the ozone recovery either in amplitude or 
spatial distribution (23); however, this cannot be 
ascertained, because the precise ozone fields used 
in cach AR4 model have not been archived. On 
the other hand, it might result from the poorly 
resolved stratospheric circulation, the lack of ver- 
tical resolution, or artificial damping near the low 
model tops in AR4 models. Further work is 
needed to clarify this underestimate. 

The detailed mechanisms through which 
stratospheric ozone affects the tropospheric west- 
erly jet remain unclear at present. Several hypothe- 
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Fig. 2. Trends in December-to-February (DJF) zonal-mean zonal wind. The multimodel mean trends 
between 2001 and 2050 are shown for the CCMVal models (A), the AR4 models (B), the AR4 models 
with prescribed ozone recovery (C), and the AR4 models with no azone recovery (D). Shading and contour 
intervals are 0.05 ms~* decade~*. Deceleration and acceleration are indicated with blue and red colors, 
respectively, and trends weaker than 0.05 ms-* decade™* are omitted. Superimposed black solid lines are 
DJF zonal-mean zonal wind averaged from 2001 to 2010, with a contour interval of 10 ms~7, starting at 


10 ms”. EQ, equator. 
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Fig. 3. Relationships among SH polar-cap ozone trend at 100 A 


hPa, polar-cap temperature trend at 100 hPa, and extra- 
tropical zonal wind trend at 850 hPa: for ozone and tem- 
perature trends as simulated by CCMVal models (A), for zonal 
wind and temperature trends as simulated by CCMVal mod- 
els (B), and for zonal wind and temperature trends as simu- 
lated by AR4 models (C). Here, ozone and temperature trends 
are calculated for September-to-December and November-to- 
January mean quantities, respectively. The averaging months 
are chosen to reflect the largest trends at 100 hPa, as seen in 
Fig. 1. The zonal wind trends at 850 hPa are quantified by 
Alu]: the difference in DJF-averaged zonal wind at +10° 
from the latitude of maximum wind. Negative values denote 
the deceleration (acceleration) of westerlies on the poleward 
(equatorward) side of the maximum wind. The filled and open 
circles in (C) correspond to the AR4 models with and without B 
prescribed ozone recovery. Solid and dashed gray lines in (B) 
and (C) indicate linear fit for CCMVal models and AR4 models 
with prescribed ozone recovery, respectively. Numbers within 
parentheses in the key denote the number of ensemble mem- 


bers used for each model. dec., decade. 


ses have been proposed (4, 24-27), but none have 
been validated or falsified. Nonetheless. our analy- 
ses suggest that stratospheric processes, and ozone 
recovery in particular, may be able to affect SH 
climate in major ways and thus should be included 
in predictions of SH climate in the 21st century. 


11. 


12, 


2B, 


14, 


15, 


16. 


References and Notes 


.D. W. J. Thompson, J. M. Wallace, G. C. Hegerl, J. Clim. 


13, 1018 (2000). 


. D. W. J. Thompson, S. Solomon, Science 296, 895 (2002). 
. G. J. Marshall, J. Clim. 16, 4134 (2003). 
|. G, Chen, |. Held, Geophys. Res, Lett. 34, 121805 (2007). 


J. H. Yin, Geophys. Res. Lett. 32, 118701 (2005). 
J. Lu, G. A. Vecchi, T, Reichler, Geophys. Res, Lett, 34, 
106805 (2007). 

J. Russell, K. W. Dixon, A. Gnanadesikan, R. J. Stouffer, 
J. R, Toggweiler, ). Clim. 19, 6382 (2006). 

8. K. Mignone, A. Gnanadesikan, J. L. Sarmiento, 

R. D, Slater, Geophys, Res. Lett. 33, L01604 (2006). 

N. P. Gillett, D. W. }. Thompson, Science 302, 273 (2003). 
D, T. Shindell, G. A. Schmidt, Geophys. Res. Lett. 32, 
118209 (2004). 

1. M. Arblaster, G. A. Mehl, J. Clim. 29, 2896 (2006). 
A first hint of ozone recovery is already present in the 
most recent observations (15, 28). The sharp decrease in 
stratospheric ozone concentration has ceased around the 
year 2000, and ozone levels have started to increase 
since then. Although weak, this increasing trend is found 
in almost all ground-based and satellite observations 
(28). In addition, the chemistry-climate models, 
discussed in the text, predict that the increase in 
stratospheric ozone concentration will continue in the 
24st century (15). 

R.L Miller, G. A. Schmidt, D. T. Shindell, J. Geophys, Res. 
111, 018101 (2006). 

D. J, Lorenz, E. T. DeWeaver, J. Geophys. Res. 112, 
10119 (2007). 

V. Eyring et al, J. Geophys. Res. 112, D16303 (2007). 
The CCMVat models used in this study are AMTRAC, 
CCSRNIES, CMAM, GEOSCCM, MRI, SOCOL, and WACCM 


www.sciencemag.org SCIENCE VOL 320 


v7. 


18. 


19. 


20. 


21. 
22. 


23. 
24, 
25. 
26. 
27. 
28, 


29. 


0.2 


on ee 


100-hPa polar 0, trend (ppmv/dec.) 


REPOR’ 


CCMVals (A,B) 


@AUTRAC (3) @coSeMES (+) @cMaM (3) 
@GEOSCCM (3) eM @soco. (1) 
@wacem (3) 

AR4s (C) 

e@ccsms OBCCR-B8CM2.0 (1) 


@CNRM~CM3 (1) 
@CSIRO-Mk3.0 (1) 


©cccs.1(T47) (5) 
FOOMS~91.0 (3 


@ECHAMS/MPI-OM (4) OGISS-AOM 
. 1 SS-EH 
oom 1) SS8~ER (5! 
eee) (2) OINM-CM3.0 (1) 
Mt O1PSL—Cus ( 


“1.0 0.0 1.0 2.0 3.0 4.0 
100=hPo polar T trend (K/dec.) 
c 
~ 10 10 
¢ $ 
8 8 
3 3 
p08 e pos 
& a £ 
2 00 2 00 
2 We 5 
& 5 
3-05 3-05 
a a 
g : £ 
£10 $-10 
3 2 
8 3 
3 2 
“15 “15 
“10 00 10 20 30 40 “10 00 40 20 30 40 


100—hPo polar T trend (K/dec.) 


{see table 1 of (25) for the detailed model configuration]. 
All available ensemble members are used for each model. 
G. A. Meeht et al, in Climate Change 2007: The Physical 
cience Basis. Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change (Cambridge Univ. Press, Cambridge, 
2007), pp. 747-845. 
E.C. Cordero, P. M, de F. Forster, Atmos. Chem. Phys. 6, 
5369 (2006). 
The AR4 models used in this study are BCCR-BCM2.0, 
CCSM3, CGCM3.1(T47), CNRM-CM3, CSIRO-Mk3.0, 
ECHAMS/MPI-OM, FGOALS-g1.0, GFDL-CM2.0, 
GFDL-CM2,1, GISS-AOM, GISS-EH, GISS-ER, INM-CM3.0, 
IPSL-CM4, MIROC3.2(medres), MRI-CGCM2.3.2, 
UKMO-HadCM3, UKMO-HadGEM1, and PCM. Among: 
these 19 models, 10 models—CCSM3, CNRM-CM3, 
CSIRO-MK3.0, ECHAMS/MPI-OM, GFDL-CM2,0, GFDL- 
CM2.1, MIROC3.2(medres), UKMO-HadCM3, UKMO- 
HadGEM1, and PCM—prescribe ozone recovery, All 
available ensemble members are used for each model. 
Changes in stratospheric ozone concentration in CCMVal model 
integrations are nt perfectly linear Almost ll CCMVal models 
predict a slow increase until 2010 and a relatively faster 
increase thereafter until about 2060 {see figure 7 in (15)] 
W, Randel, F. Wu, Geophys. Res, Lett. 26, 3089 (1999), 
J. Perlwitz, . Pawson, R.L. Fogt, J. E. Nielsen, W. D. Neff, 
Geophys. Res. Lett, 35, L08714 (2008). 
J.A. Crook, N. P. Gillett, S. P. €. Keeley, Geophys, Res. 
Lett, 35, 107806 (2008). 
D. T, Shindell, G. A. Schmidt, R. L. Miller, D, Rind, 
J. Geophys. Res. 106, 7193 (2001), 
J. Perlwitz, N. Harnik, J, Clim. 16, 3011 (2003). 
P. J. Kushner, L. M. Polvani, j. Clim, 17, 629 (2004). 
D. W. J. Thompson, J. C. Furtado, T. G. Shepherd, 
J. Atmos. Sci. 63, 2616 (2006). 

S. Yang, D. M. Cunnold, M. J. Newchurch, 
R. J. Salawitch, Geophys. Res. Lett. 32, 112812 (2005). 
The authors thank J. Austin and J, Perlwite for helpful 
discussions and suggestions on the manuscript, the 
National Oceanic and Atmospheric Administration 
Glimate Diagnostics Center for providing the National 
Centers for Environmental Prediction-NCAR reanalysis 
data, the European Centre for Medium-Range Weather 


100—hPa polar T trend (K/dec.) 


Forecasts for providing the ERA4O data, the World 
Climate Research Programme SPARC CCMVal project for 
organizing the chemistry-climate model (CCM) data 
analysis activity, the British Atmospheric Data Center for 
collecting and archiving the CCM output, the Program for 
Climate Model Diagnosis and Intercomparison for 
collecting and archiving the IPCC/AR4 model data, the 
Joint Scientific Committee of the Climate Variability 
Working Groups on Coupled Modeling and their Coupled 
Model Intercomparison Project and Climate Simulation 
Panel for organizing the model data analysis activity, and 
the IPCC Working Group | Technical Support Unit for 
technical support. The IPCC Data Archive at the Lawrence 
Livermore National Laboratory is supported by the Office 
of Sciences, U.S. Department of Energy. The work of 5.W. 
and LMP. is supported, in part, by a grant from the N 
Contributions of D.W.W. and S.P. are supported by NASA's 
modeling and analysis program, and GEOSCCM was run on 
Columbia with resources allocated by NASA's high- 
performance computing program. WACCM simulations 
‘were carried out at NCAR, at NASA's Ames Research 
Center, and at the Barcelona Supercomputing Center, 
Spain. The CCSRNIES's research is supported by the Global 
Environmental Research Fund of the Ministry of the 
Environment of Japan (A 071) and a grant in aid for 
scientific research from the Ministry of Education, Culture, 
Sports, Science and Technology of Japan (no, 19340138), 
The development and maintenance of SOCOL are 
supported by ETH Zurich (grant PP 1/04 1) and the Swiss 
National Science Foundation (grant SCOPES 187320 
110884). Contributions of the CMAM group and T.G.S. are 
supported by the Canadian Foundation for Climate and 
Atmospheric Sciences, the Natural Sciences and 
Engineering Research Council of Canada, and 
Environment Canada. NCAR is sponsored by the NSF. 


Supporting Online Material 

von sciencemag.org/cgifcontent/full320/5882/1486/0C1 
‘SOM Text 

Figs, $1 to $3 


31 January 2008; accepted 14 May 2008 
10.1126/science.1155939 


13 JUNE 2008 1 


| REPORTS 


1490 


Evidence for Upwelling of Corrosive 
“Acidified” Water onto the 
Continental Shelf 


Richard A. Feely,* Christopher L. Sabine, J. Martin Hernandez-Ayon,* 
Debby lanson,* Burke Hales* 


The absorption of atmospheric carbon dioxide (CO) into the ocean lowers the pH of the waters. 
This so-called ocean acidification could have important consequences for marine ecosystems. To 
better understand the extent of this ocean acidification in coastal waters, we conducted 
hydrographic surveys along the continental shelf of western North America from central Canada 
to northern Mexico. We observed seawater that is undersaturated with respect to aragonite 
upwelling onto large portions of the continental shelf, reaching depths of ~40 to 120 meters along 
most transect lines and all the way to the surface on one transect off northern California. Although 
seasonal upwelling of the undersaturated waters onto the shelf is a natural phenomenon in this 
region, the ocean uptake of anthropogenic CO, has increased the areal extent of the affected area. 


ver the past 250 years, the release of 
O carbon dioxide (CO) from industrial and 
agricultural activities has resulted in atmo- 
spheric CO, concentrations that have increased by 
about 100 parts per million (ppm). The atmo- 
spheric concentration of CO; is now higher than 
it has been for at least the past 650,000 years, and 
is expected to continue to rise at an increasing 
rate, leading to pronounced changes in our cli- 
mate by the end of this century (/). Since the 
beginning of the industrial era, the oceans have 
absorbed ~127 = 18 billion metric tons of carbon 
as CO, from the atmosphere, or about one-third 
of the anthropogenic carbon emissions released 
(2). This process of absorption of anthropogenic 
CO, has benefited humankind by substantially 
reducing the greenhouse gas concentrations in 
the atmosphere and minimizing some of the im- 
pacts of global warming. However, the ocean’s 
daily uptake of 22 million metric tons of CO2 has 
a sizable impact on its chemistry and biology. 
Recent hydrographic surveys and modeling studies Depth (m) 
have confirmed that the uptake of anthropogenic pe 
CO, by the oceans has resulted in a lowering of 7 
seawater pH by about 0.1 since the beginning of 36°N4 
the industrial revolution (3-7). In the coming 
decades, this phenomenon, called “ocean acidi- 
fication,” could affect some of the most funda- 
mental biological and geochemical processes of 
the sea and seriously alter the fundamental st 
ture of pelagic and benthic ecosystems (8). 
imates of future atmospheric and oceanic 
CO; concentrations, based on the Intergovernmental 
Panel on Climate Change (IPCC) CO, emission 
scenarios and general circulation models, indicate 


that atmospheric CO, concentrations could exceed 
500 ppm by the middle of this century, and 800 
ppm near the end of the century, This increase would 
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result in a decrease in surface-water pH of ~0.4 by 
the end of the century, and a corresponding 50% 
decrease in carbonate ion concentration (5, 9). Such 
rapid changes are likely to negatively affect marine 
ecosystems, scriously jeopardizing the multifaceted 
economies that currently depend on them (/(). 
The reaction of CO, with seawater reduces 
the availability of carbonate ions that are neces- 
sary for calcium carbonate (CaCO3) skeleton and 
shell formation for marine organisms such as 
corals, marine plankton, and shellfish. The extent 
to which the organisms are affected depends 
largely on the CaCO; saturation state (Q), which 
is the product of the concentrations of Ca”* and 
CO;?" divided by the apparent stoichiometric 
solubility product for either aragonite or calcite: 


Qarag = [Ca COS? VR, () 


Qe = [Ca CO; VR’, (2) 


where the calcium concentration is estimated 
from the salinity, and the carbonate ion con- 
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Fig. 1. Distribution of the depths of the undersaturated water (aragonite saturation < 1.0; pH < 7.75) on 
the continental shelf of western North America from Queen Charlotte Sound, Canada, to San Gregorio 
Baja California Sur, Mexico. On transect line 5, the corrosive water reaches all the way to the surface in the 
inshore waters near the coast. The black dots represent station locations. 
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centration is calculated from the dissolved in- 
organic carbon (DIC) and total alkalinity (TA) 
measurements (//). In regions where Qurag OF 
Q.a1 is> 1.0, the formation of shells and skeletons 
is favored. Below a value of 1.0, the water is 
corrosive and dissolution of pure aragonite and 
unprotected aragonite shells will begin to occur 
(/2). Recent studies have shown that in many 
regions of the ocean, the aragonite saturation ho- 
rizon shoaled as much as 40 to 200 m as a direct 
consequence of the uptake of anthropogeni > 
(3, 5, 6). It is shallowest in the northeastem 
Pacific Ocean, only 100 to 300 m from the ocean 


© Depth (m) > 


Depth (m) 


iz) 


Depth (m) 


Depth (m) 


126°W 125.5°W 
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surface, allowing for the transport of under- 
saturated waters onto the continental shelf during 
periods of upwelling. 

In May and June 2007, we conducted the 
North American Carbon Program (NACP) West 
Coast Cruise on the Research Ship Wecoma along 
the continental shelf of western North America, 
completing a series of 13 cross-shelf transects 
from Queen Charlotte Sound, Canada, to San 
Gregorio Baja California Sur, Mexico (Fig. 1). 
Full water column conductivity-temperature-depth 
tions were occupied at specified locations 
+h transect (Fig. 1). Water samples were 
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Fig. 2. Vertical sections of (A) temperature, (B) aragonite saturation, (C) pH, (D) DIC, and (E) pcoz on 
transect line 5 off Pt. St. George, California. The potential density surfaces are superimposed on the 
temperature section. The 26.2 potential density surface delineates the location of the first instance in 
which the undersaturated water is upwelled from depths of 150 to 200 m onto the shelf and outcropping 
at the surface near the coast. The red dots represent sample locations. 
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collected in modified Niskin-type bottles and an- 
alyzed for DIC, TA, oxygen, nutrients, and dis- 
solved and particulate organic carbon. Aragonite 
and calcite saturation, seawater pH (pHgw), and 
partial pressure of CO, (pco2) were calculated 
from the DIC and TA data (//). 

The central and southem coastal region off 
westem North America is strongly influenced by 
seasonal upwelling, which typically begins in carly 
spring when the Aleutian low-pressure system 
moves to the northwest and the Pacific High moves 
northward, resulting in a strength 
northwesterly winds (/3, /4). The: 
net surface-water Ekman transport offshore, whic! 
induces the upwelling of CO>-rich, intermediate- 
depth (100 to 200 m) offshore waters onto the 
continental shelf. The upwelling lasts until late 
summer or fall, when winter storms return. 

During the cruise, various stages and strengths 
of upwelling were observed from line 2 off central 
Vancouver Island to line 11 off Baja Califor 
Mexico. We observed recent upwelling on lines 
5 and 6 near the Oregon-California border, Co- 
incident with the upwelled waters, we found evi- 
dence for undersaturated, low-pH seawater in the 
bottom waters as depicted by Quray Values < 1.0 
and pH values < 7.75. The corrosive waters 
reached mid-shelf depths of ~40 to 120 m along 
Tines 2 to 4 and lines 7 to 13 (Fig. 1). In the region 
of the strongest upwelling (line 5), the isolines of 
Qarg = 1.0, DIC = 2190, and pH = 7.75 closely 
followed the 26.2 potential density surface (Fig. 
2). This density surface shoaled from a depth of 
~150 m in the offshore waters and breached the 
surface over the shelf near the 100-m bottom 
contour, ~40 km from the coast. This shoaling of 
the density surfaces and CO,-rich waters as one 
approaches land is typical of strong coastal up- 
welling conditions (/5—/8). The surface-water 
pco, on the 26.2 potential density surface was 
about 850 patm near the shelfbreak and higher 
inshore (Fi sibly enhanced by respiration 
processes on the shelf (/7). These results indicate 
that the upwelling process caused the entire water 
column shoreward of the 50-m bottom contour to 
become undersaturated with respect to aragonite, 
a condition that was not predicted to occur in open- 
ocean surface waters until 2050 (5). On line 6, the 
next trans uth, the undersaturated water was 
close to the ¢ at ~22 km from the coast, The 
lowest Quay Values (<0,60) observed in the near- 
bottom waters of the continental shelf corre- 
sponded with pH values close to 7.6. Because the 
calcite saturation horizon is located between 225 
and 400 m in this part of the northeastem Pacific 
(19), it il too deep to shoal onto the continental 
shelf. Nevertheless, the calcite saturations values 
drop in the core of the upwelled water (Qe < 1.3). 

As noted, the North Pacific aragonite satura- 
tion horizons are among the shallowest in the 
global ocean (3). The uptake of anthropogenic 
CO; has caused these horizons to shoal by 50 to 
100 m since preindustrial times so that they are 
within the density layers that are currently being 
upwelled along the west coast of North America. 
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Although much of the corrosive character of these 
‘waters is the natural result of respiration processes at 
intermediate depths below the euphotic zone, this 
region continues to accumulate more anthropogenic 
CO, and, therefore, the upwelling processes will 
expose coastal organisms living in the water column. 
or at the sea floor to less saturated waters, exacerbat- 
ing the biological impacts of ocean acidification. 

On the basis of our observed O2 values and es- 
timated O2 consumption rates on the same density 
surfaces (/8-20), the upwelled water off northem 
California (line 5) was last at the surface about 
50 years ago, when atmospheric CO, was about 
65 ppm lower than it is today. The open-ocean an- 
thropogenic CO) distributions in the Pacific have 
been estimated previously (4, /9, 2/). By determin- 
ing the density dependence of anthropogenic C¢ 
distributions in the eastem-most North Pacific st 
tions of the Sabine ef al. (2/) data set, we estimate 
that these upwelled waters contain ~31 +4 umol kg! 
anthropogenic COs (fig. $2). Removing this signal 
from the DIC increases the aragonite saturation 
state of the waters by about 0.2 units. Thus, without 
the anthropogenic signal, the equilibrium aragonite 
saturation level (Quag = 1) would be deeper by 
about 50 m across the shelf, and no undersaturated 
waters would reach the surface. Water already in 
transit to upwelling centers carries increasing an- 
thropogenic CO, and more corrosive conditions to 
the coastal oceans of the future. Thus, the under- 
saturated waters, which were mostly a problem for 
benthic communities in the deeper waters near the 
shelf break in the preindustrial era, have shoaled 
closer to the surface and near the coast because of 
the additional inputs of anthropogenic CO>. 

These observations clearly show that seasonal 
upwelling processes enhance the advancement of 
the corrosive deep water into broad regions of the 
North American westem continental shelf. Because 
the region experiences seasonal periods of enhanced 
aragonite undersaturation, it is important to under- 
stand how the indigenous organisms deal with this 
exposure and whether future increases in the range 
and intensity of the corrosiveness will affect their 
survivorship. Presently, little is known about how 
this intermittent exposure to corrosive water might 
affect the development of larval, juvenile, and adult 
stages of aragonitic calcifying organisms or finfish 
that populate the neritic and benthic environments in 
this region and fuel a thriving economy. Laboratory 
and mesocosm experiments show that these changes 
in saturation state may cause substantial changes in 
‘overall calcification rates for many species of marine 
calcifiers including corals, coccolithophores, foram- 
inifera, and pteropods, which are a major food 
source for local juvenile salmon (8, 22-30). Similar 
decreases in calcification rates would be expected 
for edible mussels, clams, and oysters (22, 3/). Other 
research indicates that many species of juvenile fish 
and shellfish of economic importance to coastal re- 
gions are highly sensitive to higher-than-normal 
CO; concentrations such that high rates of mortality 
are directly correlated with the higher CO, con- 
centrations (3/, 32). Although comprehensive field 
studies of organisms and their response to sporadic 


increases in CO, along the western North American 
coast are lacking, current studies suggest that further 
research under field conditions is warranted. Our 
results show that a large section of the North Amer- 
ican continental shelf is affected by ocean acidifi- 
cation. Other continental shelf regions may also 
be affected where anthropogenic CO,-enriched 
water is being upwelled onto the shelf. 
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Regulation of Hepatic Lipogenesis 
by the Transcription Factor XBP1 


Ann-Hwee Lee,’* Erez F, Scapa,” David E. Cohen,”> Laurie H. Glimcher 
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Dietary carbohydrates regulate hepatic lipogenesis by controlling the expression of critical enzymes 
in glycolytic and lipogenic pathways. We found that the transcription factor XBP1, a key regulator of 
the unfolded protein response, is required for the unrelated function of normal fatty acid synthesis 
in the liver. XBP1 protein expression in mice was elevated after feeding carbohydrates and 
corresponded with the induction of critical genes involved in fatty acid synthesis. Inducible, selective 
deletion of XBP1 in the liver resulted in marked hypocholesterolemia and hypotriglyceridemia, 
secondary to a decreased production of lipids from the liver. This phenotype was not accompanied by 
hepatic steatosis or compromise in protein secretory function. The identification of XBP1 as a regulator 
of lipogenesis has important implications for human dyslipidemias. 


epatic lipid synthesis increases upon in- 
He of excess carbohydrates, which 

are converted into triglyceride (TG) in 
the liver and transported to adipose tissue for 
energy storage. Dysregulation of hepatic lipid 
metabolism is closely related to the development 
of metabolic syndrome, a condition characterized 
by central obesity, dyslipidemia, elevated blood 
glucose, and hypertension (/). In mammals, he- 
patic lipid metabolism is controlled by transcrip- 
tion factors, such as liver X receptor (LX), sterol 


regulatory element-binding proteins (SREBPS), 
and carbohydrate response element-binding pro- 
tein (ChREBP), that regulate the expression of 
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Fig. 1. ER stress response in XBP1-deficient mouse liver. (A and B) Hematoxylin 
and eosin staining of sections of wild-type (WT) and Xbp2A liver (magnification, 
40x). (C and D) Transmission electron micrographs of WT and Xbp1A liver. (E) 
Total RNAs were prepared from the liver of WT and Xbp1A mice 8 hours after 
tunicamycin injection. Expression of representative UPR target genes was tested 
by quantitative real-time polymerase chain reaction (PCR) analysis. Fold induc- 
tion represents relative expression level + SEM compared to that of untreated 
WT mice; N = 4 per group. (F) Wester blot of nuclear XBP1s and the pro- 
cessed ATF6c(N) proteins. Sp1 expression is a loading control. Levels of IRELa- 
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mediated XBP1 mRNA (both WT and mutant) splicing were measured by re- 
verse transcription PCR. Asterisk denotes nonspecific band. (G) Total and active 
JNK protein levels were determined by Western blot and c-Jun kinase assay, 
respectively. (H) IRE1c was detected by immunoprecipitation followed by West- 
ern blot with IRE1c antibody. One-third of the Xbp1A immunoprecipitation 
product was loaded on the last lane for a better comparison of band migration. 
Phosphorylated IRE1c. displayed slowed migration on the gel. (I) IRELc immuno- 
precipitation products were treated with 2 phosphatase. Western blot analysis 
shows a band shift upon phosphatase treatment. 


Fig. 2. Plasma and hepatic lipid profiles of XBP1-deficient mice. Xbp1/” 
and Xbp1;Mx1-cre mice were injected three times with poly(I:C). (A to 
D) Three weeks after the last injection, plasma TG (A), cholesterol (B), 
and serum free fatty acid levels (C) were measured. (D) Plasma TG levels 
were measured over time in mice that received a single injection of 250 ug 
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of poly(I:C). Error bars represent SEM. N = 6 or 7. (E) Distribution of plasma 
cholesterol was determined by FPLC separation of lipoprotein particles. (F) 
Fat content in the liver was determined by Oil Red O staining (magnification, 
60x). (G) Lipid composition in the liver was determined by Lipomics analysis 
(Lipomics Technologies); WV = 4 per group. 
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critical enzymes involved in glycolytic and lipo- 
genic pathways (2). 

XBP1 is a key regulator of the mammalian 
unfolded protein response (UPR) or endoplasmic 
reticulum (ER) stress response (3). Upon ER 
stress, the proximal sensor and endoribonu- 
clease IREl« induces unconventional splicing 
of XBPI mRNA to generate a mature MRNA 
encoding an active transcription factor, XBP1s, 
which directly binds to the promoter region of 
ER chaperone genes (4-6). Mice lacking XBP1 
display severe abnormalities in the develop- 
ment and function of professional secretory cells 
such as plasma B cells and pancreatic acinar 
cells, resulting in greatly reduced secretion of 
immunoglobulin and zymogens (7, 8). XBP1 is 
also required for embryonic liver development 
(9). To investigate the role of XBP1 in postnatal 
hepatic function, we examined Xbp/A mice bear- 
ing an inducible, conditional disruption of the 
Xbp! gene in the liver (fig. $1). 

Xbp14 mice that lacked XBP1 in the liver 
postnatally did not show any noticeable gross 
abnormalities, had normal body weight and 
liver mass (table $1), and presented no evi- 
dence of liver damage as determined by serum 
alanine aminotransferase levels and histolog- 
ical analysis (Fig. 1, A and B, and table S1). 
XBPIA hepatocytes had normal ER ultra- 
structure, although the ER was less abundant 
(Fig. 1, C and D). Serum albumin and total 
protein levels were slightly decreased in Xbp/A 
mice, suggesting minor compromise in hepatic 
protein secretory function (table S1). The XBP1- 
dependent UPR target genes EDEM, ERdj4, 
and Sec6/a were only modestly down-regulated 
in XbpIA liver in the basal state (Fig. 1E). 
Further, deletion of XBP1 in the liver did not 
itself evoke ER stress, as evidenced by the lack 
of ATF6a processing, c-Jun N-terminal kinase 
(JNK) activation, and induction of the pancreat- 
ic ER kinase (PERK)-regulated BiP and CHOP 
mRNAs (Fig. 1, E to G). Microarray analysis 
also confirmed normal expression of XBP1- 
independent stress markers in Xbp/A liver (table 
$2), The pharmacological ER stress inducer 
tunicamycin normally activated ATF6a pro- 
cessing and PERK-dependent gene expression 
in Xbp/A liver, excluding the possibility that 
the hepatocytes had adapted to a putative stress 
milicu. As expected, XBP1-dependent UPR tar- 
get genes such as EDEM, ERdj4, and Sec6/a 
were not induced by tunicamycin in Xbp/A 
liver (Fig. 1, E and F). However, XBP1 de- 
ficiency did lead to constitutive activation of its 
upstream activator IREla, made evident by ro- 
bust splicing of the mutant XBP1 mRNA and 
induction of both IREla protein and its phos- 
phorylation, as measured by a band shift ‘sen- 
sitive to phosphatase treatment (Fi 
and 1). Hence, IREla, but not PERK or ATF6, 
is activated in XBP1-deficient liver, which sug- 
gests feedback regulation of IREl« by its down- 
stream target XBP1 in an ER stress-independent 
manner. 


Because XBP1 plays an important role in 
membrane lipid synthesis in the ER (/0), we 
asked whether it regulates fatty acid syn- 
thesis in the liver, Injection of polyinosinic- 
polycytidylic acid [poly(I:C)] into Xbpl/”; 
Mxl/cre mice resulted in marked decreases of 
plasma TG, cholesterol, and free fatty acids 
(Fig, 2, A to C). Ina time-course experiment, 
the plasma TG level was lower than in wild- 
type mice as early as 3 days afier a single in- 
jection of poly(I:C) into Xhp/";Mxlere mice 
(Fig. 2D) and further decreased over time. 
XBP! ‘tion also caused remarkable changes 
in the distribution of cholesterol, resulting in 
an almost complete absence of low-density lipo- 
protein (LDL)-associated cholesterol (Fig. 2E). 


In contrast, the content and composition of he- 
patic lipids were not changed in Xbp/A mice 
(Fig. 2, F and G), indicating that lipid reten- 
tion in the liver was not responsible for low 
plasma lipid levels. 

The liver secretes very-low-density lipo- 
protein (VLDL) particles that transport fatty 
acids in the form of TGs together with cho- 
lesterol to peripheral tissues (//, /2). To test 
whether VLDL-associated TG secretion was 
impaired in XBP1’s absence, we injected mice 
with tyloxapol (/3), a compound that inhibits 
the breakdown of VLDL lipids (Fig. 3A). Xbp/A 
mice displayed a decreased rate of plasma 
TG accumulation, indicating impaired TG 
secretion from the liver. We next examined 
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Fig. 3. Diminished hepatic TG secretion and lipid 
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synthesis, but normal turnover of apoB, in the absence 


of XBP1. (A) Mice were injected with tyloxapol after a 
4-hour fast, one plasma TG levels were measured over 
time (NV = 4 per group). Primary hepatocytes were 

‘Clacetate. (B and C) Radiolabeled fatty 


labeled with ("Cc 


acids (B) and sterols (C) extracted from equal numbers 

of cells were measured by scintillation counting. (D) Primary hepatocytes from WT and Xbp1A mice 
were labeled with [*°S]methionine/cysteine for 30 min and then chased for the indicated times. 
Radiolabeled apoB protein species were immunoprecipitated from cells and media and revealed by 
SDS—polyacrylamide gel electrophoresis followed by fluorography. (E) The disappearance from cells 
and the accumulation in media of radiolabeled apoB protein species were determined by plotting 
relative radioactivity of each band (normalized to initial level in cells or final level in media) versus 
chase time. (F) Western blot analysis of plasma apoB protein. 
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whether the impaired TG secretion was due to 
compromised lipid synthesis. Incorporation of 
['*C]acetate into fatty acids and sterols was 
drastically decreased in primary hepatocytes 
lacking XBP! (Fig. 3, B and C), indicating that 
XBPI is required for de novo lipid synthesis 
in the liver. 

Neither the steady-state level of plasma apo- 
lipoprotein B (apoB) proteins, a major protein 
component of VLDL, nor the stability and se- 
cretion from primary hepatocytes of newly syn- 
thesized apoB proteins were altered by loss of 
XBP! (Fig. 3, D to F). Therefore, VLDL particles 
produced from XBPI-deficient liver displayed 
low lipid but normal apoB protein content, as 
demonstrated by fast protein liquid chromatog- 
raphy (FPLC) analysis (fig. $2). 

Given the compromised de novo lipid syn- 
thesis in Xbp/A liver, we asked whether XBP1 
regulates the expression of genes involved in 
glycolysis and lipid synthesis pathways. Crit- 
ical lipogenic genes such as those encoding 
stearyl coenzyme A (CoA) desaturase 1 (Scd1), 
diacylglycerol acetyltransferase 2 (Dgat2), and 
acetyl CoA. carboxylase 2 (Acc2) were sig- 
nificantly down-regulated in Xbp/A liver (Fig. 
4A and fig. $3). Genetic ablation or inhibi- 
tion using antisense oligonucleotides of these 
genes has profound effects on hepatic lipid 
metabolism (/4—I8). In contrast, expression of 
SREBP family-regulated genes encoding fat- 
ty acid synthase (Fasn), HMG-CoA synthase 
(Hmges), and HMG-CoA reductase (Hmger) 
(79) was not altered in Xbp/A mice. consistent 
with normal SREBP-1 and SREBP-2 tran- 


scripts and processed nuclear protein species 
(Fig. 4A and fig. $3). ChREBP expression was 
also normal in Xbp/A liver. Hence, XBP1 reg- 
ulates the expression of a subset of lipogenic 
genes in a SREBP- and ChREBP- independent 
manner, 

Prolonged feeding of high-carbohydrate diets 
such as fructose increases de novo lipid synthesis 
in the liver through induction of genes encoding 
lipogenic enzymes (20-22), Hepatic XBP1s pro- 
tein was markedly induced in mice fed a 60% 
fructose diet, along with a modest increase of its 
mRNA reflecting increased splicing by IREla 
(fig. $4), The ER stress markers BiP and CHOP 
were not induced under the same conditions, 
indicating an absence of ER stress, XBP1s was 
also induced in primary hepatocytes cultured in 
medium containing high glucose (Fig. 4B), 
which suggests that increased glucose availability 
upon carbohydrate ingestion induces XBPIs in 
the liver. As expected, the high-fructose diet 
markedly increased mRNA levels of lipogenic 
genes such as Fasn, Sedl, Accl, and Acc2 in 
wild-type but not Xbp/A liver (fig. $4), which 
suggests that XBP1 is required for the expression 
of a subset of critical lipogenic genes in the 
setting of high carbohydrate intake. Interestingly, 
SREBP-lc expression was modestly reduced in 
XbpIA compared to wild-type liver upon high- 
fructose diet, perhaps contributing to the de- 
creased expression of lipogenic genes such as 
Fasn in Xbp1A liver. The relationship of XBP1 to 
high-fructose feeding remains to be clarified, 
because fructose-induced lipogenesis leads to 
complex metabolic changes in the liver (22). 
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We asked whether the compromised ex- 
pression of lipogenic genes was due directly 
to the lack of XBP1 or indirectly to consti- 
tutively active IREla by overexpressing a re- 
combinant XBP1s adenovirus in primary mouse 
hepatocytes. Forced XBPIs expression increased 
mRNAs encoding Dgat2 and Acc2, as well as 
the known XBPI target gene ERdj4, both in 
wild-type and XBPIA hepatocytes (Fig. 4C). 
XBP!Is did not increase Scd/ transcripts, suggest- 
ing the requirement for additional transcription 
factor(s). Further, chromatin immunoprecipita- 
tion (ChIP) assays using liver nuclear extracts 
from mice fed a high-fructose diet demon- 
strated direct XBP1 binding to promoter re- 
gions of the Dgat2, Sed/, and Acc2 genes that 
was further increased by tunicamycin treat- 
ment, which increased levels of nuclear XBP1s 
(Fig. 4D). 

Our results establish XBP1 as a novel transcrip- 
tion factor governing hepatic lipogenesis. XBP1 
deficiency resulted in profound compromise 
of de novo hepatic lipid synthesis, leading to 
concomitant decreases in serum TG, cholesterol, 
and free fatty acids without causing hepatic stea- 
tosis. XBP1 was induced upon high-carbohydrate 
diet feeding and directly activated the tran- 
scription of key lipogenic genes in the liver. 
Our data reveal an unexpected and biolog- 
ically critical function of XBP1 in hepatic lipo- 
genesis, quite separate from its function as a 
mediator of the ER stress response (3). Hence, 
XBPI has at least two distinct roles: In some 
organs and cells, it is required for protein se- 
cretion (plasma cells, pancreatic exocrine cells); 
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glucose and insulin for 24 hours. Nuclear extracts were subjected to Western 
blot analysis. (C) Primary hepatocytes were infected with adenoviruses 
expressing XBP1s or green fluorescent protein control at 2 or 10 plaque- 
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forming units per cell. mRNA levels were measured 24 hours after infection 
by real-time PCR. (D) ChIP assays were performed with liver nuclei of mice 
untreated or injected with tunicamycin (Tun) 6 hours before killing. Values 
represent relative increase of real-time PCR signals compared to the signal 
for the untreated WT CHIP with control serum. 
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in others, such as adult liver, it does not sub- 
stantially affect protein secretory function but 
rather controls select transcriptional programs 
such as lipogenesis. Preservation of the normal 
hepatic lipid profile suggests that compounds 
that inhibit XBP1 activation in the liver may 
reduce serum lipids without causing hepatic 
steatosis in patients with dyslipidemias. 

Given XBP1’s known function as a key 
mediator of the UPR, it was surprising that its 
function in regulating lipogenesis was unre- 
lated to the ER stress response. Indeed, apoB- 
100 folding and secretion, as well as the overall 
hepatocyte protein secretory function, were min- 
imally compromised by loss of XBP1, likely 
because XBPI independent basal chaperone 
gene expression is sufficient to accommodate 
moderate secretory loads. Interestingly, IREla, 
the upstream activator of XBP1, was constitu- 
tively active in the Xbp/A liver, suggesting 
the presence of a negative feedback loop that 
precisely maintains XBP1s protein levels even 
in the absence of ER stress. The nature of this 
signal, and its relationship to the ER stress 
response and to the activation of XBP1 in the 


liver by carbohydrate feeding, require further 
investigation. 


References and Notes 

1. H.N. Ginsberg, Y. L. Zhang, A. Hernandez-Ono, Obesity 
14 (suppl. 1), 415 (2006). 

2. F. Foufelle, P. Ferre, Biochem. J. 366, 377 (2002). 

3. D. Ron, P. Walter, Nat. Rev. Mol, Cell Biol. 8, 519 
(2007). 

4, ALL. Shaffer et al, immunity 21, 81 (2004). 

5. AH. Lee, N,N. Iwakoshi, L. H. Glimcher, Mol. Cell. Biol 
23, 7448 (2003), 

6. D. Acosta-Alvear et al., Mol, Cell 27, 53 (2007) 

7. A.M, Reimold et al., Nature 412, 300 (2002) 

8. AH. Lee, G. C. Chu, N. N. Iwakoshi, L. H. Glimcher, 
EMBO J. 24, 4368 (2005). 

9. A.M. Reimold et al., Genes Dev. 14, 152 (2000). 

10. R. Sriburi, 5. Jackowski, K, Mori, J. W. Brewer, J. Cell Biol 
167, 35 (2004), 

11, N. 0, Davidson, 6, 5, Shelness, Annu, Rev. Nutr, 20, 169 
(2000). 

12, MM, Hussain, J. Iqbal, K. Anwar, P. Rava, K. Dai, 
Front. Biosci. 8, s500 (2003). 

13. MC. Schotz, A. Scanu, 1. H. Page, Am. J. Physiol. 188, 
399 (1957). 

14, 5. }. Stone et al., ). Biol. Chem. 279, 11767 (2004). 

15. X. X. Yu et al,, Hepatology 42, 362 (2005). 

16. J. M. Ntambi et al., Proc. Natl. Acad, Sci. U.S.A. 99, 
114a2 (2002). 

17. P. Cohen et al., Science 297, 240 (2002). 


18. L Abu-Etheiga, W. Oh, P. Kordari, 5. J. Wakil, Proc. Natl 
Acad. Sci. US.A. 100, 10207 (2003). 

19. J. D. Horton, J. L. Goldstein, M. S. Brown, J. Clin, Invest. 
1109, 1125 (2002). 

20. H.C. Towle, E. N. Kaytor, H. M. Shih, Annu. Rev. Nutr. 
17, 405 (1997). 

21, M. Miyazaki et al, J. Biol, Chem, 279, 25164 (2004). 

22. H. Basciano, L. Federico, K. Adeli, Nutr, Metab. 2, 5 
(2005). 

23. Supported by NIH grants Al32412 and PO1 AIS6296 (LH.G.), 
NIH grants DK48873 and DK56626 (D.E.C), and the Ellison 
‘Medical Foundation (LH.G.). We thank K. Rajewsky for 
providing Abc1-cre mice, }. Goldstein and M. Brown for SREBP 
antibodies, R. Milne for apoB antibody, K. Mori for ATF6« 
antibody, E. Fisher for advice on pulse-chase experiments, 
IM. Wu and J. Wei for help with FPLC analyses, D. Hu for 
histologic analyses, K. Heidtman for excellent technical 
assistance, and M. Wein and W. Garret for critical reading 
of the manuscript. LH.G. has equity in Bristol-Myers Squibb 
and has filed a patent regarding methods for regulating 
hepatic lipogenesis with XBP1. 


Supporting Online Material 
www Sciencemag.org/cgi/content/full/320/5882/1492/DC1 
Materials and Methods 

Figs. $1 to $5 

Tables $1 to $4 

References 


19 March 2008; accepted 17 April 2008 
10.1126/science.1158042 


The Rag GTPases Bind Raptor and 
Mediate Amino Acid Signaling 


to mTORC1 


Yasemin Sancak,”* Timothy R. Peterson,”” Yoav D. Shaul,”"? Robert A. Lindquist,” 
Carson C. Thoreen,** Liron Bar-Peled,* David M. Sabatini*?** 


The multiprotein mTORC1 protein kinase complex is the central component of a pathway that 
promotes growth in response to insulin, energy levels, and amino acids and is deregulated in 
common cancers. We find that the Rag proteins—a family of four related small guanosine 
triphosphatases (GTPases)—interact with mTORC1 in an amino acid—sensitive manner and are 
necessary for the activation of the mTORC1 pathway by amino acids. A Rag mutant that is 
constitutively bound to guanosine triphosphate interacted strongly with mTORC1, and its 
expression within cells made the mTORC1 pathway resistant to amino acid deprivation. Conversely, 
expression of a guanosine diphosphate—bound Rag mutant prevented stimulation of mTORC1 

by amino acids. The Rag proteins do not directly stimulate the kinase activity of mTORC1, but, 
like amino acids, promote the intracellular localization of mTOR to a compartment that also 


contains its activator Rheb. 


of the mammalian target of rapamycin 
(mTOR) pathway is a major driver of 
cell growth in mammals and is deregulated in 
many common tumors (/). It is also the target 
of the drug rapamycin, which has generated 
considerable interest as an anticancer therapy. 


T mTOR complex | (mTORC1) branch 
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Diverse signals regulate the mTORC1 path- 
way, including insulin, hypoxia, mitochondrial 
function, and glucose and amino acid availa- 
bility. Many of these are integrated upstream of 
mTORCI by the tuberous sclerosis complex 
(TSC1-TSC2) tumor suppressor, which acts as 
an important negative regulator of mTORC1 
through its role as a guanosine triphosphatase 
(GTPase)-activating protein (GAP) for Rheb, a 
small guanosine triphosphate (GTP)-binding 
protein that potently activates the protein ki- 
nase activity of mTORCI (2). Loss of either 
TSC protein causes hyperactivation of mTORC1 
signaling, even in the absence of many of the 
upstream signals that are normally required to 


maintain pathway activity. A notable excep- 
tion is the amino acid supply, as the mTORC1 
pathway remains sensitive to amino acid star- 
vation in cells lacking either TSC1 or TSC2 
(3-5). 

The mechanisms through which amino acids 
signal to mTORC1 remain mysterious. It is a 
reasonable expectation that proteins that sig- 
nal the availability of amino acids to mTORC1 
are also likely to interact with it, but, so far, 
no good candidates have been identified. Be- 
cause most mTORCI purifications rely on 
antibodies to isolate mTORCI, we wondered 
if in previous work antibody heavy chains 
obscured, during SDS-polyacrylamide clec- 
trophoresis (SDS-PAGE) analysis of purified 
material, mTORC1-interacting proteins of 45 
to 55 kD. Indeed, using a purification strategy 
that avoids this complication (6), we identified 
the 44-kD RagC protein as copurifying with 
overexpressed raptor, the defining component 
of mTORCI (7-10). 

RagC is a Ras-related small GTP-binding 
protein and one of four Rag proteins in mam- 
mals (RagA, RagB, RagC, and RagD). RagA 
and RagB are very similar to each other and 
are orthologs of budding yeast Gtrlp, where 
RagC and RagD are similar and are orthologs 
of yeast Gtr2p (//-/3). In yeast and in human 
cells, the Rag and Gtr proteins function as het- 
erodimers consisting of one Gtrlp-like (RagA 
or RagB) and one Gtr2p-like (RagC or RagD) 
component (/4, 15). The finding that RagC 
copurifies with raptor was intriguing to us be- 
cause, in yeast, Gtrlp and Gtr2p regulate the 
intracellular sorting of the Gaplp amino acid 
permease (/6) and microautophagy (/7), pro- 
cesses modulated by amino acid levels and 
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the TOR pathway (/8—20). The Gtr proteins 
have been proposed to act downstream or in 
parallel to TORC1 in yeast because their over- 
expression induces microautophagy even in 
the presence of rapamycin, which normally sup- 
presses it (17). 

To verify our identification of RagC as an 
mTORC1-interacting protein, we expressed 
raptor with different pairs of Rag proteins in 
human embryonic kidney (HEK)-293T cells, 
Consistent with the Rags functioning as het- 
erodimers, raptor copurified with RagA-C or 
RagB-C, but not with RagA-B or the Rap2A 
control protein (Fig, 1A). Because the nucle- 
otide loading state of most GTP-binding pro- 
teins regulates their functions, we generated 
RagB, RagC, and RagD mutants predicted 
(/4, 16, 17) to be restricted to the GTP- or gua- 
nosine diphosphate (GDP)-bound conforma- 
tions (for simplicity, we call these mutants 
RagB°™, RagB"”. etc.) (6). When expressed 
with mTORCI components, Rag heterodimers 
containing RagB°™ immunoprecipitated with 


IP: HA 


cell 
lysate 


IP: FLAG 
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more raptor and mTOR than did complexes 
containing wild-type RagB or RagB°”” (Fig. 
1B). The GDP-bound form of RagC increased 
the amount of copurifying mTORCI, so that 
RagB°'”-C%°? recovered the highest amount 
of endogenous mTORC! of any heterodimer 
tested (Fig. 1C), Giving an indication of the 
strength of the mTORCI-RagB°?-C°? asso- 
ciation, in this same assay, we could not detect 
coimmunoprecipitation of mTORC1 with Rheb! 
(Fig. 1C), an established interactor and acti- 
vator of mTORC! (/). When expressed alone, 
raptor, but not mTOR, associated with RagBo"- 
DP" which suggests that raptor is the key 
mediator of the Rag-mTORC1 interaction (Fig. 
1D). Consistent with this, rictor, an mTOR- 
interacting protein that is only part of mTORC2 
(J), did not copurify with any Rag heterodimer 
(Fig, 1C and fig, S1). Last, highly purified rap- 
tor interacted in vitro with RagB-D and, to a 
larger extent, with RagB°™-D°", which in- 
dicates that the Rag-raptor interaction is most 
likely direct (Fig. 1E). 


myc-mTOR + myc-raptor: 
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We tested whether various Rag heterodimers 
affected the regulation of the mTORC1 path- 
way within human cells. In HEK-293T cells, 
expression of the RagB°!”-D°”” heterodimer, 
which interacted strongly with mTORCI, not 
only activated the pathway, but also made it 
insensitive to deprivation for leucine or total 
amino acids, as judged by the phosphorylation 
state of the mTORC] substrate T389 of S6K1 
(Fig. 2, A and B). The wild-type RagB-C 
heterodimer had milder effects than RagB°™- 
CSP". making the mTORCI pathway insensi- 
tive to leucine deprivation, but not to the stronger 
inhibition caused by total amino acid starvation 
(Fig. 2, A and B). Expression of RagBO". 
De", a heterodimer that did not interact with 
mTORCI (Fig. 1. C and D), had dominant- 
negative effects, as it climinated S6K1 phospho- 
tylation in the presence, as well as absence, of 
leucine or amino acids (Fig. 2, A and B), Ex- 
pression of RagB°” alone also suppressed 
S6K1 phosphorylation (fig. S2). These results 
suggest that the activity ofthe mTORC! pathway 
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yeate | FAe-Ragd 
FLAG-Rap2A Fig. 1. Interaction of Rag heterodimers 
with recombinant and endogenous mTORC1 
E ina manner that depends on the nucleotide 
binding state of RagB. In (A) through (D) 
HEK-293T cells were transfected with the 
indicated cDNAs in expression vectors, cell 
lysates were prepared, and lysates and he- 
magglutinin (HA)—or FLAG-tagged immuno- 
funerapion 2. — precipitates were analyzed by immunoblotting 
paces for the amounts of the specified recombi- 
st nant or endogenous proteins. (E) In vitro 
in vitro binding of purified FLAG-raptor with wild- 
binding | HA-RagB type RagB-D or RagB°"”-D°”” 
assay 
HA-Rap2A 
HA-Rheb1 
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under normal growth conditions depends on 
endogenous Rag function. 

To verify the actions of the Rags in a more 
physiological setting than that achieved by tran- 
sient cDNA transfection, we generated HEK- 
293T cell lines stably expressing Rhebl, RagB, 
or RagB™ (attempts to generate lines stably ex- 
pressing RagB°” failed). Under normal growth 
conditions, these cells were larger than control 
cells and had higher levels of mTORC! path- 
way activity (Fig. 3A). Unlike transient Rhebl 
overexpression (Fig. 2, A and B), stable ex- 
pression did not make the mTORCI pathway 
insensitive to leucine or amino acid starvation 
(Fig. 3, B and C), consistent with evidence that 
transiently overexpressed Rheb may have non- 
physiological consequences on amino acid sig- 
naling to mTORCI (4, 5). Stable expression 
of a Rheb!°™ mutant was also unable to make 
the mTORC1 pathway resistant to amino acid 
deprivation (fig. $3). In contrast, stable expres- 
sion of RagB°™ eliminated the sensitivity of the 
mTORCI pathway to leucine or total amino acid 
withdrawal, whereas that of wild-type RagB 
overcame sensitivity to leucine but not to amino 


acid starvation (Fig. 3, B and C), Thus, transient 
or stable expression of the appropriate Rag mu- 
tants is sufficient to put the mTORC1 pathway 
into states that mimic the presence or absence of 
amino acids. 

To determine if the Rag mutants affect sig- 
naling to mTORC1 from inputs besides amino 
acids, we tested whether in RagB°"” expressing 
cells the mTORC1 pathway was resistant to other 
perturbations known to inhibit it. This was not 
the case, as oxidative stress, mitochondrial in- 
hibition, or energy deprivation still reduced S6K1 
phosphorylation in these cells (fig. $4). Moreover, 
in HEK-293E cells, expression of RagB°"-DO?” 
did not maintain mTORC1 pathway activity in the 
absence of insulin (Fig. 2C). Expression of the 
dominant-negative RagB°?"-D°" heterodimer 
did, however, block insulin-stimulated phospho- 
rylation of S6K1 (Fig, 2C), as did amino acid 
starvation (Fig. 2D). Thus, although RagB°'” 
expression mimics amino acid sufficiency, it 
cannot substitute for other inputs that mTORC] 
normally monitors. 

This evidence for a primary role of the Rag 
proteins in amino acid signaling to mTORCI 
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raised the question of where, within the pathway 
that links amino acids to mTORC1, the Rag 
proteins might function. The existence of the 
Rag-mTORCI interaction (Fig, 1), the effects on 
amino acid signaling of the Rag mutants (Figs. 2 
and 3), and the sensitivity to rapamycin of the 
S6K1 phosphorylation induced by RagB°™ (fig. 
4), strongly suggested that the Rag proteins 
function downstream of amino acids and up- 
stream of mTORCI. To verify this, we took 
advantage of the established finding that cyclo- 
heximide reactivates mTORC] signaling in cells 
starved for amino acids by blocking protein 
synthesis and thus boosting the levels of the 
intracellular amino acids sensed by mTORCI 
(21-23). Thus, if the Rag proteins act upstream of 
amino acids, cycloheximide should overcome the 
inhibitory effects of the RagB°?"-CS" hetero- 
dimer on mTORCI signaling, but if they are 
downstream, cycloheximide should not reactivate 
the pathway. The results were clear: cyclo- 
heximide treatment of cells reversed the inhi- 
bition of mTORC1 signaling caused by leucine 
deprivation, but not that caused by expression 
of RagB°?-CS" (fig. $5). Given the place- 
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HA-GST-Rap2A, HEK-293T cells deprived for 50 min of serum and of (A) leucine or (B) amino 
HA-GST-Rheb1 acids and, then, where indicated, stimulated with leucine or amino acids for 


10 min. HEK-293E cells (C) were deprived of serum for 50 min and, where 


indicated, stimulated with 150 nM insulin for 10 min. Lysates and FLAG-immunoprecipitates were analyzed for the levels of the specified proteins and 
the phosphorylation state of S6K1. (D) Effects of amino acid deprivation on insulin-mediated activation of mTORC1. HEK-293E cells were starved for 
serum and amino acids or just serum for 50 min, and where specified, stimulated with 10 or 150 nM insulin. Cell lysates were analyzed for the level 


and phosphorylation state of S6K1. 
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ment of the Rag proteins downstream of amino 
acids and upstream of mTORC1, we deter- 
mined whether amino acids regulate the Rag- 
mTORC1 interaction within cells. Initial tests 
using transiently coexpressed Rag proteins and 
mTORCI components did not reveal any reg- 
ulation of the interaction. Because we reasoned 
that pronounced overexpression might over- 
come the normal regulatory mechanisms that 
operate within the cell, we developed an assay 
(6), based on a reversible chemical cross-linker, 
that allows us to detect the interaction of stably 
expressed FLAG-tagged Rag proteins with 
endogenous mTORCI. With this approach, 
we readily found that amino acids, but not 
insulin, promote the Rag-mTORC1 interaction 
when we used either FLAG-tagged RagB or 
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RagD to isolate mTORCI from cells (Fig. 3D 
and fig. S6A). As the GTP-loading state of the 
Rag proteins also regulates the Rag-mTORC1 
interaction (Fig. 1), we determined whether ami- 
no acids modulate the amount of GTP bound to 
RagB. Indeed, amino acid stimulation of cells 
increased the GTP loading of RagB (Fig. 3E). 
Consistent with this, amino acids did not further 
augment the already high level of interaction 
between mTORCI and the RagB°™ mutant 
(Fig. 3D). 

To determine whether the Rag proteins are 
necessary for amino acids to activate the mTORC1] 
pathway, we used combinations of lentivirally 
delivered short hairpin RNAs (shRNAs) to sup- 
press RagA and RagB or RagC and RagD at 
the same time. Loss of RagA and RagB also led 


c 


leucine: 


REPOR’ 


to the loss of RagC and RagD and vice versa, 
which suggests that, within cells, the Rag 
proteins are unstable when not in hetero- 
dimers (Fig. 3F). In cells with a reduction in 
the expression of all the Rag proteins, leucine- 
stimulated phosphorylation of S6K1 was strong- 
ly reduced (Fig. 3G). The role of the Rag proteins 
appears to be conserved in Drosophila cells as 
double-stranded RNA-mediated suppression 
of the Drosophila orthologs of RagB or RagC 
eliminated amino acid-induced phosphoryl- 
ation of dS6K (Fig. 3H). Consistent with ami- 
no acids being necessary for activation of 
mTORCI by insulin, a reduction in Rag ex- 
pression also suppressed insulin-stimulated 
phosphorylation of S6K1 (fig. S6B). Thus, the 
Rag proteins appear to be both necessary and 
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cells). HEK-293T cells transduced with lentiviruses encoding the specified proteins were 
deprived for 50 min for serum and (B) leucine or (C) total amino acids, and, where 
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indicated, restimulated with leucine or amino acids for 10 min. Cell lysates were analyzed for the levels of the specified proteins and the 
phosphorylation state of S6K1, (D) Amino acid-stimulated interaction of the Rag proteins with mTORC1. HEK-293T cells stably expressing FLAG- 
tagged RagB, RagD, or RagB°"” were starved for amino acids and serum for 50 min and, where indicated, restimulated with amino acids for 10 min. 
Cells were then processed with a chemical cross-linking assay, and cell lysates and FLAG immunoprecipitates were analyzed for the amounts of the 
indicated proteins. (E) Effects of amino acid stimulation on GTP loading of RagB. Values are means + SD for n = 3 (P < 0.02 for increase in GTP 
loading caused by amino acid stimulation). (F) Abundance of RagA, RagB, RagC, and RagD in Hela cells expressing the indicated shRNAs. (G) S6K1 
phosphorylation in Hela cells expressing shRNAs targeting RagC and RagD. Cells were deprived of serum and leucine for 50 min, and, where 
indicated, were restimulated with leucine for 10 min. (H) Effects of double-stranded RNA (dsRNA)—mediated knockdowns of Drosophila orthologs of 
RagB or RagC on amino acid-induced phosphorylation of dS6K. 
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sufficient for mediating amino acid signaling to 
mTORC1. 

Unlike Rheb (2: ), the Rag heterodimers 
did not directly stimulate the kinase activity 
of mTORC1 in vitro (fig ), So we consid- 
cred the possibility that the Rag proteins 
ulate the intracellular localization of mTOR. 
mTOR is found on the endomembrane system 
of the cell, including the endoplasmic reticu- 
lum, Golgi apparatus, and endosomes (26, 27). 
The intracellular localization of endogenous 
mTOR, as revealed with an antibody that we 
validated recognizes mTOR in immuno- 
fluorescence assays (fig. S8), was strikingly 
different in cells deprived of amino acids than 
in cells starved and briefly restimulated with 
amino acids (Fig. 4A and fig. $11) or growing 
in fresh complete media (fig. $9). In starved 
cells, mTOR was in tiny puncta throughout the 
cytoplasm, whereas in cells stimulated with 

imino acids for as little as 3 min, mTOR lo- 
ized to the perinuclear region of the cell, to 
large vesicular structures, or to both (Fig. 4A). 
Rapamycin did not block the change in mTOR 
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localization induced by amino acids (Fig. 4A), 
which indicated that it is not a consequence of 
activity but rather may be one of 
anisms that underlies mTORC1 acti- 
amino acid-induced change in mTOR 
localization required expression of the Rag pro- 
teins and of raptor (Fig. 4, B and C), and amino 
acids also regulated the localization of raptor 
(fig. $10). 

In cells overexpressing RagB, Rhebl, or 
Rheb1°"", mTOR behaved as in control 
its localization changing upon amino acid stimu- 
lation from small puncta to the perinuclear region 
and vesicular structures (Fig. 4D). In contrast, in 
cells overexpressing the R: mutant that 
eliminates the amino acid sensitivity of the 
mTORCI pathway, mT ly 
on the perinuclear and vesicular structures in 
the absence of amino acids, and became even 
more localized to them upon the addition of 
amino acids (Fig. 4D). Thus, there is a correla- 
tion, under amino acid-starvation conditions, 
between the activity of the mTORCI pathway 
and the subcellular localization of mTOR, 
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293T cells stably expressing RagB, Rheb1, RagB”, or Rheb1° and deprived 
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Fig. 4. Rag-dependent 
regulation by amino 
acids of the intracel- 
lular localization of mTOR. 
(A) HEK-293T cells were 
starved for serum and 
amino acids for 50 min 
or starved and then re- 
stimulated with amino 
acids for the indicated 
times in the presence or 
absence of rapamycin. 
Cells were then processed 
in an immunofluores- 
cence assay to detect 
mTOR (green), costained 
with 4',6’-diamidino-2- 
phenylindole (DAPI) for 
DNA content (blue), and 
imaged. Of these cells, 
80 to 90% exhibited the 
mTOR localization pattem 
shown. (B) and (C) mTOR 
localization in HEK-293T 
cells expressing the in- 
dicated shRNAs and de- 
prived and restimulated 
with amino acids as in 
(A). Immunoblot of rap- 
tor expression levels. (D) 
mTOR localization in HEK- 


which implies a role for Rag-mediated mTOR 
translocation in the activation of mTORCI in 
response to amino acids. 

We failed to find an established marker of 
the endomembrane system that colocalized with 
mTOR in amino acid-starved cells, However, in 
cells stimulated with amino acids, mTOR in the 
perinuclear region and on the large vesicular 
structures overlapped with Rab7 (Fig. 5A), which 
indicated that a substantial fraction of mTOR 
translocated to the late endosomal and lysosomal 
compartments in amino acid-replete cells, In 
cells expressing RagB°", mTOR was present on 
the Rab7-positive structures even in the absence 
of amino acids (Fig. 5B). 

The perinuclear region and vesicular struc- 
tures on which mTOR appears after amino acid 
stimulation are similar to the Rab7-positive 
structures where green fluorescent protein (GFP) 
d Rheb localizes in human cells (28, 29). 
Unlike mTOR, however, amino acids did not 
appreciably affect the localization of Rheb, as 
GFP-RhebI| colocalized with Discosoma red flu- 
orescent protein (DsRed)-labeled Rab7 (DsRed- 
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Rab7) in the presence or absence of amino 
acids (Fig. 5C). Unfortunately, it is currently 
not possible to compare, in the same cells, the 
localization of endogenous mTOR with that of 
Rheb, because the signal for GFP-Rheb or 
endogenous Rheb is lost after fixed cells are 
permeabilized to allow access to intracellular 
antigens (28, 29), Nevertheless, given that both 
mTOR and Rheb are present in Rab7-positive 
structures after amino acid stimulation, we pro- 
pose that amino acids might control the activity 
of the mTORC1 pathway by regulating, through 
the Rag proteins, the movement of mTORC! to 
the same intracellular compartment that con- 
tains its activator Rheb (see model in Fig. SD). 
This would explain why activators of Rheb, 
like insulin, do not stimulate the mTORCI path- 
way when cells are deprived of amino acids and 
why Rheb is necessary for amino acid-dependent 
mTORC1 activation (4) (fig. $12). When Rheb 
is highly overexpressed, some might become 
mislocalized and inappropriately encounter 
and activate mTORC1, which could explain 
why Rheb overexpression, but not loss of TSC1 
or TSC2, makes the mTORCI pathway insen- 
sitive to amino acids (4, 5). 

In conclusion, the Rag GTPases bind rap- 
tor, are necessary and sufficient to mediate 
amino acid signaling to mTORC1, and medi- 
ate the amino acid-induced relocalization of 
mTOR within the endomembrane system of 
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Fig. 5. Amino acids promote the localization of mTOR to a Rab7-positive 
compartment that also contains Rheb. (A) mTOR and Rab7 localization in cells 
deprived or stimulated with amino acids. HEK-293T cells transiently trans- 
fected with a cDNA for DsRed-Rab7 were starved for serum and amino acids 
for 50 min and, where indicated, stimulated with amino acids for 10 min. Cells 
were then processed to detect mTOR (green), Rab7 (red), and DNA content 
(blue), and imaged. Two examples are shown of mTOR locatization in the 
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the cell. Given the prevalence of cancer-linked 
mutations in the pathways that control mTORC1 
(J), it is possible that Rag function is also de- 
regulated in human tumors, 
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Animal Versus Wind Dispersal 
and the Robustness of 
Tree Species to Deforestation 


Daniel Montoya,’* Miguel A. Zavala,*? Miguel A. Rodriguez,* Drew W. Purves? 


1502 


Studies suggest that populations of different species do not decline equally after habitat loss. 
However, empirical tests have been confined to fine spatiotemporal scales and have rarely included 
plants. Using data from 89,365 forest survey plots covering peninsular Spain, we explored, for each 
of 34 common tree species, the relationship between probability of occurrence and the local cover 
of remaining forest. Twenty-four species showed a significant negative response to forest loss, so 
that decreased forest cover had a negative effect on tree diversity, but the responses of individual 
species were highly variable. Animal-dispersed species were less vulnerable to forest loss, with six 
showing positive responses to decreased forest cover. The results imply that plant-animal 
interactions help prevent the collapse of forest communities that suffer habitat destruction. 


abitat destruction is often cited as the single 
He= cause of global biodiversity loss 
(1). These anthropogenic changes trigger 
biological responses that sometimes end in a 
biotic collapse, a problem that has led ecologists 
to face the question of how much habitat is 
enough for species to persist (2). The dominant 
theoretical framework for understanding the ef- 
fects of habitat loss is metapopulation theory, 
which focuses on the dynamic balance of local 
extinctions and colonizations that characterize 
fragmented populations at regional scales (3). 
According to this theory, regional habitat loss not 
only removes biodiversity held in the lost habitat 
but also reduces the occurrence of species within 
the remaining habitat (4). This idea has become a 
central tenet of conservation practice, causing a 
shift in focus from the local to the landscape scale. 
For example, it is the source of the current em- 
phasis on the maintenance and creation of habitat 
corridors to foster dispersal among patches (5, 6). 
However, empirical tests of this prediction have 
been restricted to short-lived animal species [espe- 
cially butterflies and birds (7, 8)], short spatial 
scales (9), and short time scales, over which ob- 
servations are likely to be dominated by short- 
term responses that may or may not be indicative 
of the long-term impacts of habitat loss. 
We analyzed the relationship between local 
forest cover and the occurrence of 34 canopy- 
dominant tree species (28 native to the study 
region and 6 exotic (table $1)] in 89,365 survey 
sites distributed across peninsular Spain (/0) 
(Fig. 1). The data set was extracted from the 
Spanish Second National Forest Inventory (IFN2), 
which placed a 25-m-radius circular sample plot 
in each | = I km grid cell that it classified as being 
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forested [occupied by woody vegetation (//)]. For 
cach plot q, we calculated a local forest cover H,, 
defined as the fraction of the nearest eight grid 
cells to g that were also classified as forested in 
IFN2 (using a larger neighborhood degraded the 
statistical significance of some effects documented 
here but had no qualitative effect on conclusions). 
Because the Iberian Peninsula has chronically suf- 
fered fiom forest destruction and conversion into 
agricultural and degraded states (/2), H, is a mea- 
sure of net forest loss from prehistory to the present. 
Thus, we interpret the species responses to /1, ob- 
served in the IFN2 survey as responses to forest loss. 

We used logistic regression to quantify, for 
each species j, the probability of occurrence of j 
in plot q as a function of /1,. For comparison 
among species we used the fitted logistic curves 
to calculate, for each species j, a scalar Q;, de- 
fined as the natural log of the ratio of the prob- 
ability of occurrence at 0% local forest cover to 
the probability of occurrence at 75% cover. Neg- 
ative Q; implies that species j shows a negative 
response to decreased forest cover and vice versa. 


0 50 100 


We used error propagation to calculate a conserv- 
ative (upper) estimate of the confidence interval 
for Q;. The results presented below are robust 
considering cither native and exotic species com- 
bined or native species only [supporting online 
material (SOM)]. 

Of the 34 species, 24 showed a statistically 
significant negative response to decreased forest 
cover [negative Q; value with confidence intervals 
not including zero (Fig, 2A)]. This is consistent 
with the decrease in average tree species richness 
with decreased forest cover observed in the IFN2 
data (Fig, 3) and in previous studies (/3). The 
observed relationship between species richness 
in this case was approximately linear over most 
of the range in H,, which was captured well by 
the logistic regressions (Fig. 3). However, rich- 
ness was lower than expected for /1, > 80% and 
H,, = 0. Such abrupt changes could reflect the 
effects of spatial configuration (that is, fragmen- 
tation) when habitat cover goes from neatly con- 
tinuous to fragmented (with the first appearance 
of edges) and falls to very low levels (/4), al- 
though threshold responses can also result from 
some forms of animal-mediated dispersal (/5). 

‘Among species there was large and statistical- 
ly significant variation in Q;. For species with 
statistically significant negative Q, (those with 
confidence intervals not including zero), Q; ranged 
from -0.03 to —1.53, which corresponds to a pro- 
portional reduction in probability of occurrence, for 
the 75 to 0% scenario, of 3 to 78%. Moreover, there 
were six species with statistically significant posi- 
tive responses to reductions in forest cover (Fig. 
2A). These species were more likely to be found 
in plots surrounded by nonforested land. 

If this magnitude of interspecific variation in 
response to forest loss proves to be typical, it will 
be critical to identify measurable species traits that 
predict it. Although we did not attempt an ex- 
haustive search of such traits, we did examine the 
importance of two traits related to dispersal (seed 
size and animal- versus wind-mediated seed dis- 


Fig. 1. Distribution of 
survey sites in peninsu- 
lar Spain. IFN2 consisted 
of 89,365 circular sampl- 
ing sites (radius = 25 m) 
distributed across penin- 
sular Spain (average den- 
sity approximately one 
per square kilometer). 
Survey sites were placed 
jin continuous forest lo- 
cations, so their distribu- 
tion matches that of the 
remaining forest. 
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persal). Metapopulation theory has identified dis- 
persal as crucial in determining species responses 
to habitat loss (/6), and recent modifications of the 
Levins metapopulation model predict that animal- 
mediated seed dispersal will confer increased 
species robustness to habitat loss (/7). This is be- 
cause, unlike wind, animals actively deliver seeds 
toward suitable patches (directed dispersal), and 
because some forms of animal dispersal increase 
the average dispersal distance (/8). Both of these 
behaviors help keep physically isolated habitat 
patches demographically connected. Directed dis- 
persal and long dispersal distances have been 
observed in our study region (79). Seed size af- 
fects dispersal distance (20) and is correlated with 
fecundity (2/) and establishment probability (22), 
which are also highlighted as important by meta- 
population theory. 

We found that animal-dispersed species are, on 
average, less vulnerable to decreased forest cover 
than are wind-dispersed species (Fig. 2). The six 
species showing positive responses to deforestation 
were all animal-dispersed, and the two species with 
the largest negative response were wind-dispersed. 
‘To assess the possibility that the observed difference 
between the two groups (animal- and wind-dispersed) 
could have arisen by chance, we conducted a per- 
mutation test on the difference in the position of the 
groups in the list of species ranked by Q;: The 
probability of finding the observed difference was 
less than 0.005 (SOM). 

The contrasted phylogenetic composition of 
wind- versus animal-dispersed species raises the 
possibility that phylogenetically conserved traits 
other than dispersal mode that are shared by close- 
ly related species caused the difference in response 
between animal- and wind-dispersed species (23). 
To examine this possibility, we used phylogenetic 
eigenvector regression [PVR (//)]. The proportion 
of variation of Q; that can be attributed to phylo- 


Fig. 2. (A) Sensitivity of a 


Co) 


34 Spanish tree species to 
reduction in local forest 
cover (2), estimated using 
the maximum likelihood 
estimate of the parameters A 
of a logistic regression re- 2 
lating the probability of 
occurrence of species j to 
local forest cover. Gray ar- 
rows indicate non-native 
species. Q; is defined as 
the natural logarithm of the 
ratio of occurrence prob- 
abilities at 0 and 75% 
cover. Negative ©; implies 
a negative response to ha- 
bitat loss. Species are ranked 
by Q, Error bars are 95% 
confidence intervals on Qj, 
calculated conservatively 
(16). (B) Average So of 4 5 
wind-dispersed species (7 = 

12) and Soncien 


Species sensitivity (2) 
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genetic relationships is low (R?=0.11). Moreover, 
an analysis of covariance (ANCOVA) including 
Q, as the response variable, dispersal mode as the 
explanatory variable, and the three main phyloge- 
netic eigenvectors generated by PVR (which de- 
scribe 92.5% of the phylogenentic structure in the 
data) as covariables still found significant differ- 
ences in Q; between wind- and animal-dispersed 
species (F = 7.75890, P < 0.05). 

In addition to the effects of forest cover, each 
tree species is likely to be affected by the pro- 
nounced gradients in climate, soil, and fire fre- 
quency observed in this region, and the interactions 
between all of these will need to be understood 
before any future species responses to changes in 
forest cover or climate can be predicted accurately. 
However, PCA showed no multicolinearity between 
forest cover and a set of 18 environmental variables 
that might be critical to plant growth, reproduction, 
and survival in Mediterranean and Atlantic systems. 
(table S4). This shows that at the scale of penin- 
sular Spain, local forest cover varies independently 
of climate, topography, soil, and major perturbation 
events, so that the simple logistic regression em- 
ployed here would be expected to extract the cor- 
rect average response to forest loss for each species. 
We also estimated Q; controlled for these environ- 
mental factors, using multiple logistic regression. 
The results support the conclusions of an overall 
negative, yet highly variable response to decreased 
forest cover among tree species, with some posi- 
tive responses; and greater robustness of animal- 
dispersed species (fig. S3, P < 0.005). 

Significant unexplained variation remains in the 
response of species within each dispersal group, but 
this is not surprising given the biological variation 
among species in either group, Just in terms of dis- 
persal itself, both groups contain a large variation in 
seed size [although within either group we found 
no effect of seed weight on Q; (fig. S1)|; different 
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= Wind-dispersed Species 
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species (n = 22). Error bars are 95°% confidence intervals on the mean ©; for each group. 
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animal-dispersed species are dispersed by different 
combinations of birds and mammals [foraging be- 
havior and body size differences among fiugivores 
may affect seed dispersal distances (24, 25)]; and 
many of the species are likely to benefit from occa- 
sional long-distance dispersal events by agents other 
than the dominant disperser (26). These species are 
also likely to differ in the other traits that metapop- 
ulation theory has predicted to be crucial in deter- 
mining response to habitat loss (such as fecundity 
and local extinction rates). Nonetheless, our analysis 
suggests that the differences in species responses to 
local forest cover are to a large extent driven by the 
dispersal vector used by trees. This is consistent 
with predictions from metapopulation theory about 
the effects of animal-mediated directed dispersal. 
However, additional detailed field observations 
would be needed to rule out altemative explanations 
based on the interaction between dispersal and 
habitat loss. For example, lower amounts of habitat 
cover may be correlated with increased edge hab- 
itat, which has been observed in some cases to be 
preferred by seed-dispersing animals (27), 
Whatever the mechanisms involved, the find- 
ing that animal-dispersed tree species are more 
robust to the effects of deforestation has an ob- 
vious implication for conservation policy: In the 
absence of detailed data (such as was available 
here), it might be expected that deforestation in 
other regions is more likely to threaten a given 
wind-dispersed, than a given animal-dispersed, 
plant species. However, the weight attached to this 
prediction should reflect the substantial within- 
group variation in response documented here 
(Fig. 2) and the degree of extrapolation outside 


12 - 
100 80 60 40 20 0 
Proportion of local forest cover Hq(%) 
Fig. 3. Tree species richness (average number of 
species occurring in a 25-m-radius circular plot) 
versus local forest cover H,: observed (points) and 
from the logistic regression (line, calculated by 
summing the predicted probability of occurrence 
over the 34 species). Error bars are standard errors 
on the observed average for each level of H,. The 
observed richness is positively correlated with H,; 
that is, negatively correlated with forest loss 
(Spearman rank test, p, = 0.73, P = 0.038). Species 
richness was calculated by referring to data for the 
34 study species only. 


13 JUNE 2008 1 


REPORTS 


1504 


European temperate forests (such as to topical 
forests or to plant species other than trees), More- 
over, if seed-dispersing animals are as crucial to the 
persistence of plants as this and other studies suggest 
(28, 29), then the combination of habitat loss with 
direct and indirect removal of animals, to which 
many of the world’s most diverse forests are subject, 
is likely to have more drastic effects than either 
perturbation alone, In these circumstances, animal 
dispersed species might be more, not less, sensi 
to habitat loss. This points to the maintenance of the 
network of plant-animal interactions as a comerstone 
‘of conservation policy and to the need for more 
studies of species responses to habitat loss. 
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VelB/VeA/LaeA Complex Coordinates 


Light Signal with Fungal Development 


and Secondary Metabolism 


Gzgiir Bayram,” Sven Krappmann,”* Min Ni,” Jin Woo Bok,? Kerstin Helmstaedt,** 
Oliver Valerius, Susanna Braus-Stromeyer,* Nak-Jung Kwon,” Nancy P. Keller,? 


Jae-Hyuk Yu,” Gerhard H. Braus*t 


Differentiation and secondary metabolism are correlated processes in fungi that respond to light. In 
Aspergillus nidulans, light inhibits sexual reproduction as well as secondary metabolism. We identified 
the heterotrimeric velvet complex VelB/VeA/LaeA connecting light-responding developmental 
regulation and control of secondary metabolism. VeA, which is primarily expressed in the dark, 
physically interacts with VelB, which is expressed during sexual development. VeA bridges VelB to the 
nuclear master regulator of secondary metabolism, LaeA. Deletion of either velB or veA results in 
defects in both sexual fruiting-body formation and the production of secondary metabolites. 


friends and foes” of human health, such 
.s Aspergillis” production of penicillin (/) 
and the carcinogenic aflatoxin precursor sterig- 
stin (ST), respectively (2). Secondary meta- 
bolic pathways are often tightly correlated with the 
fungal developmental program and response to 
external cues including light. The mold Asper- 
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illus nidulans forms airborne asexual spores in 
light but preferentially undergoes sexual repro- 
duction in the dark (3, 4), The latter results in the 


1. VeA 
2. VeA & VeIB 


5. VeA & VeIB 


3. VeA & VeIB & KapA 
4, VeA & VeIB & LaeA 


formation of sexual fruit bodies called cleistothe- 
cia, which consist of different cell types, and an 
increase in secondary metabolism (5). Mutations 
resulting in defects in fungal development often 
also impair secondary metabolism (6). There is 
genetic evidence for a connection between fiuit- 
body formation, secondary metabolism, and light 
in A. nidulans, but the molecular mechanism is 
not known (7-9). One candidate for such a bridge 
is the conserved velvet protein encoded by the 
ved gene (10-12), whose expression increases 
during sexual development (7). VeA transport 
into the nucleus is inhibited by light (/3), It acts 
as a negative regulator of asexual development 
(14) and antibiotic biosynthesis (/5). 
Biosynthetic genes for fungal secondary me- 
tabolite are often clustered and regulated by 
pathway-specific transcription factors (/6, 17). 
Secondary metabolism is also regulated at an 
upper hierarchic level by a global epigenetic 
control mechanism. The nuclear LaeA protein is 
present in numerous fungi and is a master regu- 
lator of secondary metabolism in Aspergilli (18). 


Fig. 1. Identification of VeA- 
associated proteins in A. nidulans. 
(A) Brilliant blue G-stained 10% 
SDS—polyacrylamide gel electropho- 
resis of TAP procedure for VeA. kD, 
kilodaltons. (B) The polypeptides 
‘identified from the bands of affinity 
purification belong to corresponding 
proteins (details in table $4). (C) 
Domain mapping of the interactions 
based on Y2H data (fig. $2). N, N 
terminus; C, C terminus. 
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The deletion of /aeA, although not reported to 
affect morphological and developmental processes, 
results in silencing of numerous secondary me- 
tabolite gene clusters, including those responsible 


well as for toxins such as ST or gliotoxin (/7, 19). 
It has been suggested that LaeA might control 
accessibility of binding factors to chromatin re- 
gions of secondary metabolite clusters because 


for the syntheses of the antibiotic penicillin as the S-adenosy! methionine binding site of LacA 
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Fig. 2. BiFC studies of velvet complex components and their effect on ST production. (A) Enhanced 
yellow fluorescent protein fused to the N terminus of veA gene (N-EYFP::VeA) interacts with 
C-EYFP::LaeA in vivo, which is indicated as yellowish green specks in the nucleus. [Histone 2A red 
fluorescent protein (H2A::mRFP) fusion visualizes the entire nucleus.] Interaction does not take 
place in the whole nucleus but in certain points (gene clusters) that LaeA probably acts on 
(indicated by arrows). Differential interference contrast (DIC) shows hyphal cells. (B) N-EYFP::VeA 
fusion protein interacts with C-EYFP::VelB in the cytoplasm and nucleus. (C) ST production in 
respective mutant backgrounds and WT at different time points. STs, ST standard; V20, 20 hours 
vegetative growth; L, light; D, dark. 24 and 48 hour time points are shown. (D) Quantification of ST 
production using thin layer chromatography: In the dark, more ST is produced in the WT. Deletion 
of either /aeA or veA results in no ST above background (denoted by B) fluctuations. Loss of velB 
results in basal ST production in dark. 
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Fig. 3. Subcellular localization of the subunits of the velvet complex. (A) VeA-, LaeA-, and VelB-sGFP 
localizations in the presence or absence of light. VeA-sGFP shows light-dependent nuclear enrichment 
(counterstained with H2A::mRFP for visualization of the entire nucleus). (B) Nuclear/cytoplasmic GFP 
signal ratio of 100 hyphal cells each (Openlab software 5.0.1) (28). Growth in the dark results in increased 
nuclear and decreased cytoplasmic fluorescence for VeA. VelB and LaeA distribution is hardly affected by 
illumination. 
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(79) prevents heterochromatin maintenance of 
some clusters (20). 

We used tandem affinity purification (TAP) 
(21-23) to identify VeA-interacting proteins (Fig, 
1A and fig. S1A) (24). Final eluates of dark- and 
light-grown A. nidulans carrying the functional 
veA gene tagged at its C terminus by TAP tag 
(veA:ctap*) were analyzed by mass spectrome- 


importin KapA as prot 
in the dark (Fig. 1B and table § 
ta 


). In the light, 
ed VeA is hardly expressed (fig. $1B) and 
ly copurifies with VelB. Reciprocal affinity 
purifications of tagged VelB and LaeA in the 
dark confirmed the interaction partners, except 
for the a importin KapA (fig. S1, C and D). Only 
tagged VelB can additionally recruit the regulator 
of sporogenesis VosA in the dark (25), which 
seems to be an alternative binding partner for this, 
protein. 

Yeast two-hybrid (Y2H) analysis (26) con- 
firmed the VeA-VelB and VeA-LaeA interac- 
tions, where VelB and LaeA do not interact in 
this assay, suggesting that VeA acts as a bridge 
between VelB and LaeA (Fig. 1C). The Y2H 
VosA-LaeA interaction supports a role of LacA 
in development (fig. $2). The C-terminal part of 
VeA interacts with LaeA, whereas the N-terminal 
part of VeA, which includes the nuclear localiza- 
tion signal (NLS), is required for interaction with 
VelB (Fig. 1C and fig. $2). Vel, which is con- 
served in the fungal kingdom, shares 18% amino 
acid identity with VeA but has no typical NLS 
(fig. $3B). Transcript analysis reveals that velB 
expression increases like that of ved (7) at late 
developmental stages (fig. S3C), The VeA-LacA 
and VeA-VelB interactions were visualized by bi- 
molecular fluorescence complementation (BiFC) 
in living cells (27). Distinct fluorescent specks 
show that the VeA-LacA interaction occurs in the 
nucleus, whereas VeA and VelB interact in the 
cytoplasm and within the nucleus (Fig, 2, A and B). 

The physical interaction of VeA with VeIB, as 
well as with LacA, leads to the prediction that 
VeA and VelB are functionally interdependent 
Similar to veAA, the vel/BA mutant (fig. SSA) no 
longer displays a light-dependent developmental 
pattern and is unable to form sexual fruit bodies, 
even in the dark. Asexual sporulation in ve/BA is 
impaired but not as strongly as in a ved deletion 
strain. Reintroduction of the velB lov fully res~ 
cued all of the defects (fig. SSA). The vedAWelBA 
double mutant exhibited a near-identical pheno- 
type to that of the ve4A single mutant, Neither 
velB overexpression in a vedA background nor 
overexpression in a velBA background res- 
cued the defects of the individual mutants; 
likewise, laeA overexpression could not rescue 
secondary metabolite defects of ve4A (fig, $6). 
Unlike overproduction of VeA, overexpression 
of velB in a veA+ background does not cause ex- 
cessive production of cleistothecia, but it induces a 
twofold increase in asexual sporulation in compar- 
ison to the wild type (WT). This suggests that VeA 
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Fig. 4. VeA supports nuclear localization of VelB and formation of the velvet complex. (A) Fluorescence 
patterns in strains expressing velB::sgfp in the dark in veA+ and veAA backgrounds. (B) Nuclear/ 
cytoplasmic GFP signal ratio of 100 hyphal cells each. Nuclear signal intensity is higher in the veA+ strain 
background than in veAA. (C) Model: (Light) VeA is mostly retained in the cytoplasm, VelB supports 
asexual spore formation, and LaeA shows low activity. (Dark) An increased amount of VeA is imported into 
the nucleus by KapA and, in addition, supports the nuclear transport of VelB. Dotted lines indicate the 
decreased amount of VeA that is present in the cell in the light and the impairment of VeA nuclear 
transport in the light. VelB/VeA control development and LaeA activity by formation of the velvet complex 


that affects secondary metabolite clusters expression. 


controls the number of sexual structures, whereas 
VelB has additional developmental functions. 

Secondary metabolism is impaired in vedA, 
resulting in a similar brownish pigment (8) as is 
produced by the velBA strain. Changes in gene 
expression and in LaeA activi 
in the vedA and velBA strains (Fis 
and figs. $5, B and C, and $7). ST production is 
abolished in vedA and /aeAA strains. In contrast, 
reduced and delayed but significant ST production 
in velBA suggests residual activity of a VeA/LacA 
complex in the dark 

VeA is enriched in the nucleus in the dark 
(13), whereas VelB was found in both the nucleus 
and the cytoplasm and is hardly affected by illu- 
mination (Fig. 3, A and B). Because LacA is 
constitutively nuclear (Fig. 3, A and B) (/8) and 
the interaction of VeA and LaeA occurs in the 
nucleus (Fig. 2A), VelB has to enter the nucleus, 
despite the lack of an obvious NLS to fully 
control LaeA. Localization of the VelB-sGFP 
fusion protein (where GEP is green fluorescent 
protein) in a vedA background is shifted toward 
the cytoplasm, whereas the presence of VeA 
increases the nuclear localization of VelB (Fig. 4, 
A and B). This suggests that VeA can assist VelB 
to allow an enhanced transport into the nucleus. 

Our data suggest that the mechanism under- 
lying the coordinated regulation of sexual devel- 
‘opment and secondary metabolism in A. nidulans 
might be the interaction between the key develop- 
mental regulatory complex VelB/VeA and LaeA. 
We propose that in the dark the VelB/VeA/LacA 
velvet complex interaction controls and presum- 
ably supports the epigenetic activity of LaeA, 
which subsequently controls the expression of 
secondary metabolite gene clusters. In the light, 
this interaction is diminished because we find 
less VeA protein, and the entrance of the bridging 


factor VeA to the nucleus is decreased. Because 
the absence of LaeA has a minor impact on 
development, VeA and VelB have presumably 
additional functions in fungal differentiation. 
This is also supported by the identification of 
VosA, a recently identified regulator of fungal 
sporogenesis (25), as an additional binding part- 
ner of VelB (fig. $1, C and D, and table $4). 

A. nidulans produces many compounds rele- 
vant to biotechnology and human health and is a 
well-suited model for the analysis of the interplay 
between secondary metabolism, light, and differ- 
entiation. 4. nidulans grows vegetatively in the 
soil by hyphal tip extension until competent for 
development and secondary metabolism (3). Light 
triggers asexual development, corresponding to the 
release of high numbers of asexual spores (conidia) 
into the environment. These phenotypes correlate 
with the light-dependent cytoplasmic localization 
of VeA, the constitutive nuclear function of LacA, 
and the partial nuclear localization of VelB, re~ 
spectively. Under light conditions, when low 
amounts of VeA and VelB are present in the 
nucleus, the secondary metabolism regulator LacA 
scems to be primarily active in those hyphae that 
are not exposed to light, Accordingly, the dele~ 
tion of /aed results in a loss of mycelial pigmen- 
tation at the bottom of the colony (/8). 

The newly described fungal protein VelB, in 
conjunction with VeA, connects light-dependent 
development to LaeA-controlled secondary me- 
tabolism in A. nidulans. We present evidence that 
the formation of this complex is the molecular 
basis that synchronizes developmental and meta- 
bolic changes to the disappearance of light. We 
propose to designate this trimeric complex the 
velvet complex. We suggest that VelB/VeA is part 
of the epigenetic control of chromatin remodeling 
by modulating LacA methyltransferase activity 


(16-18). We propose a scenario (Fig. 4C) in 
which VeA is functionally active in the dark, 
forms a complex with increased amounts of VelB, 
and enhances the transport of VelB to the nu- 
cleus, Because VeA and VelB are both partially 
nuclear, even in the light, we presume a certain 
threshold is probably necessary to initiate sexual 
development and control LacA. 

Fungal morphogenesis and secondary metab- 
olism have traditionally been viewed as separate 
fields. Our studies on the VelB/VeA/LaeA velvet 
complex elucidate the molecular mechanisms 
underlying the intimate relation between fungal 
development and secondary metabolism. 
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Activation of the Cellular DNA 


Damage Response in the 
Absence of DNA Lesions 


Evi Soutoglou and Tom Misteli 


The cellular DNA damage response (DDR) is initiated by the rapid recruitment of repair factors to 
the site of DNA damage to form a multiprotein repair complex. How the repair complex senses 
damaged DNA and then activates the DDR is not well understood. We show that prolonged 
binding of DNA repair factors to chromatin can elicit the DDR in an ATM (ataxia telangiectasia 
mutated)— and DNAPK (DNA-dependent protein kinase)—dependent manner in the absence of DNA 
damage. Targeting of single repair factors to chromatin revealed a hierarchy of protein interactions 
within the repair complex and suggests amplification of the damage signal. We conclude that 
activation of the DDR does not require DNA damage and stable association of repair factors with 
chromatin is likely a critical step in triggering, amplifying, and maintaining the DDR signal. 


he DNA damage response (DDR) ide = The earliest 
——— 

eral downstream pathways, including cell 
cycle checkpoints and apoptotic programs (/—3). 


p in the response is the rapid 
targeting and accumulation of DNA repair factors 
near the damage site, giving rise to nuclear repair 
foci (4). The repair cascade consists of the early 
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DNA damage sensor complex MRN (MREI1/ 
RadS0/NBS1), the transducer proteins MDC1 
and S3BPI1, followed by the phosphatidylinositol 
3-kinases (PI 3-kinases) ATM/DNAPK/ATR 
(ataxia telangiectasia mutated/DNA-dependent 
protein kinase/ataxia telangiectasia and Rad3- 
related), which in turn phosphorylate the histone 
variant H2AX and downstream effectors, includ- 
ing the Chk] and Chk2 cell cycle kinases (5). 
The functional relevance of the inc local 
concentration of DNA repair factors at sites of 
DNA damage has not been clear, nor is it known 
precisely how the DDR is activated on chromatin. 

To address these questions, we stably targeted 
individual DNA repair components to chromatin 
in living cells and a -d their contribution to 
the DDR. DNA repair factors were fused to the 
Escherichia coli lac-repressor (lacR) and tagged 
with Cherry-red fluorescent protein, The fusion 
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Fig. 1. Immobilization of single repair factors on 
chromatin leads to DDR activation. (A) Immuno- 
fluorescence microscopy on NIH 2/4 cells transiently 
transfected for 16 hours with the indicated repair 
factor fused to Cherry-lacR (red). DDR activation is 
indicated by phosphorylation of H2AX (green). Bar, 
2 um. (B) Quantitative analysis of HZAX phospho- 
rylation on the lacO array after transfection of the 
indicated repair factors for 16 hours. Values 
represent the means + SD (n = 40 cells) from four 
independent experiments. (C) Absence of DNA 
lesions upon tethering. Ligation-mediated PCR on 
NIH 2/4 cells transfected for 16 hours with the 
indicated repair factor fused to Cherry-lacR. The 
PCR product is a ladder due to the repetitive nature 
of the lac operator. Transfection of IScel alone is 
used as a control. (D) Quantitative analysis of NBS1 
(S343) or ATM (51987) phosphorylation on the 
array after transfection of the indicated repair 
factor for 24 hours. Values represent the means + 
SD (n = 60 cells) from two independent 
experiments. 
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proteins were introduced into an NIH-3T3 cell 
line that contains 256 repeats of the lac operator 
sequence (lacO) stably integrated on chromo- 
some 3 (6). The fusion proteins were effectively 
recruited and retained at sites of DNA damage 
upon ultraviolet laser damage (fig. SIA). As 
expected, fusion proteins accumulated at the lacO 
array as distinct nuclear foci (Fig. 1A), When 
assessing the effect of bound fusion proteins, we 
found that immobilization of NBS1 or MREI1 
alone activated the DDR, as indicated by phos- 
phorylation of H2AX at the lacO site in 60 to 
70% of cells (Fig. 1B and fig. S1B). Notably, 
activation of the DDR upon immobilization of 
NBSI or MREII occurred in the absence of 
DNA damage. The presence of DNA lesions was 
excluded by ligation-mediated polymerase chain 
reaction (PCR) (Fig. 1C), the absence of bromo- 
deoxyuridine incorporation at the lac array, and 
lack of staining for the single strand-binding 
protein RPA (fig. S2, A and B). Activation of the 
DDR was not due to overexpression of fusion 
proteins because no YH2AX was detected in the 
presence of isopropyl-B-p-thiogalactopyranoside 
(IPTG), which interferes with binding of fusion 
proteins to lacO (fig. $3A). Induction of YH2AX 
phosphorylation was rapid and replication- 
independent (fig. S3, B and C). The response to 
immobilizing single repair factors to chromatin 
was not limited to H2AX because immobilization 
also efficiently induced phosphorylation of Ser 
(S343) in NBS1 and Ser'**’ ($1987) in ATM, two 
key hallmarks of general DDR activation (Fig. 
1D). These observations suggest that stable 
binding of individual early components of the 
DNA repair machinery is sufficient to induce the 
cellular DDR even in the absence of DNA lesions. 

To extend these observations, we tested the 
ability of downstream factors to induce the DDR. 
Stable immobilization of MDC1 to chromatin led 
to activation of the DDR with an efficiency similar 
to that of NBSI binding (Fig. 1, A, B, and D). 
This observation is consistent with the notion that 
H2AX phosphorylation and MDC! foci formation 
are mutually interdependent (7-9). MDC] ABRCT, 


which lacks the two C-terminal BRCT domains. 
involved in its recruitment to YH2AX (9), did not 
elicit the DDR (Fig, 1B), suggesting that down- 
stream effects of MDC! rely on the BRCT domain. 

The downstream ATM kinase is a key player 
in triggering the DDR (0). It is thought to exist 
as an inactive dimer in the absence of DNA 
damage, which becomes activated via autophos- 
phorylation upon genomic insult (//), Immobili- 
zation of a major fragment of ATM (amino acids 
1300 to 3060), which includes the kinase domain, 
was sufficient to activate the DDR as judged by 
phosphorylation of H2AX, NBSI, and ATM (Fig. 
1, A, B, and D), suggesting that damaged DNA is 
not an absolute requirement for ATM activation. 
Unlike ATM, immobilization of the downstream 
effector kinases Chk] and Chk2, which normally 
do not form DNA repair foci, did not lead to phos- 
phorylation of H2AX (Fig. 1, A, B, and D). The 
correlation between accumulation at sites of DNA. 
damage and ability to induce the DDR when im- 
mobilized suggests that prolonged physical as- 
sociation of repair factors at sites of DNA damage 
might contribute to eliciting DDR in vivo. 

Upon stable binding of NBS1, MRE11, or 
ATM'*®°° tg chromatin, phosphorylation of 
H2AX was largely blocked in the presence of the 
ATM inhibitor KU-55933 (/2) or the PI 3-kinase 
inhibitor caffeine, but not an inhibitor of DNAPK, 
NU-7026 (Fig. 2, A and B). H2AX phosphoryl- 
ation by immobilized MDC1-lacR was dependent 
‘on both ATM and DNAPK activities (Fig. 2B), 
but not on the DNAPK-interacting partner Ku80 
(fig. $4). Reducing the expression of ATR by 
RNA interference had no effect on the extent of 
H2AX phosphorylation after immobilization of 
NBSI, MREI1, or MDCI (fig. S5, A and B). 
These results demonstrate that tethering-mediated 
DDR occurs via the ATM and DNAPK pathways, 
but not the ATR pathway. 

We next used our experimental system to 
systematically determine the interdependencies 
of recruitment among repair factors in vivo. To 
this end, we probed the composition of repair foci 
formed upon stable binding of each individual 
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factor. Immobilization of NBS1 led to recruit- 
ment of its direct interaction partner MRE11, but 
also of the downstream adaptors MDCI and 
S53BPI (Fig. 3, A and B). Similarly, im- 
mobilization of MRE11 led to accumulation of 
endogenous NBSI, MDC1, and 53BP1 (Fig. 
3B). Although MDC1 acts downstream of the 
early MRN sensor complex, immobilized MDC1 
was able to efficiently recruit the upstream MRN 
components NBS] and MRE11 and, to a lesser 
extent, S3BPI (Fig. 3B), suggesting a feedback 
loop between MDC1 and the MRN complex, 
possibly as a means 
sponse (7, /3, 14), This observation 
with the findings that MDC1 interacts with the 
MRN components and that down-regulation of 
MDCI in human cells fails to efficiently 
accumulate the MRN complex in irradiation- 
induced foci (/5, 16). MDCIABRCT, which does 
not induce the DDR upon tethering, is still able to 
recruit NBS] and MRE11. This observation is in 
agreement with the possibility that the BRCT 
domain may protect yH2AX from rapid de- 
phosphorylation by phosphatases (9), LacR- 
ATM'*°° was unable to recruit any of the 
upstream factors with the exception of MDC1 
(Fig. 3B). This effect is likely due to the ATM- 
induced phosphorylation of H2AX to which 
MDC1 binds with high affinity (Fig. 3B) (/7). 
As expected, immobilized Chk1 and Chk2 did 
not recruit any upstream factors, further support- 
ing their roles as loosely associated downstream 
components of the DDR pathway (Fig. 3B) (/8). 
The differences in recruitment ability of ATM 
compared to NBSI, MREI1, and MDC] sug- 
gests that ATM belongs to a distinct level of 
hierarchy within the repair complex. 

To discriminate whether a given factor is 
recruited through protein-protein interactions 
with the immobilized protein or via phosphory!- 
ated H2AX, we assayed the composition of 
repair foci after binding individual proteins to 
chromatin in H2AX~~ mouse embryo fibroblasts 
(MEFs) containing the lacO array (6). Loss of 
H2AX had no effect on recruitment of NBS1 and 


Fig. 4. Targeting of single 
repair factors to chroma- 
tin induces Gz delay. (A) 
Quantitation of cells with 
phosphoH3 on Ser’? on 
pericentromeric chromatin 
in NIH 2/4 cells after im- 
mobilization of the indicated 
tepair factors in control 
cells, cells treated with the 
ATM inhibitor KU-55933, or 
cells transfected with small 
interfering RNA (siRNA) 
against Chk2. The siRNA ‘ 
eliminated also the ex- 

pression of the fusion pro- 
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MREII by either MRN component or by MDCI 
(Fig. 3C). However, upon immobilization of NBS1 
‘or MREII, the accumulation of the downstream 
factors MDC] and 53BP1 was strongly impaired in 
the absence of H2AX (Fig. 3C). Recruitment of 
MDC1 by ATM'*°°3% was similarly decreased, 
suggesting that phosphorylation of H2AX is an 
important step in recruiting and maintaining these 
factors at sites of damage (/7, 19). 

To finally test whether individual repair fac- 
tors are sufficient to induce a physiological DDR, 
we assessed the effect of immobilization on cell 
cycle progression (Fig. 4). Upon targeting of 
NBS1, MREI1, MDC1, or ATM, but not Chk! 
or Chk2, to chromatin, cells accumulated in G2 
phase as determined by staining of pericen- 
tromeric heterochromatin with an antibody to 
phosphoS10H3 (Fig. 4A) (20). Cell cycle delay 
was confirmed by increased phosphorylation of 
retinoblastoma protein at Ser™’’/Ser*!' (fig. $6). 
Furthermore, the cell cycle delay was sensitive to 
the presence of Chk2 and required ATM activity, 
suggesting involvement of the checkpoint kinase 
Chk2 (Fig. 4A). H2AX cells were resistant to 
G/M delays upon immobilization of repair 
factors (Fig. 4B). This observation is in line with 
the finding that cells lacking H2ZAX manifest a 
G,/M checkpoint defect after exposure to low 
doses of irradiation (2/). 

We report here that activation of cellular 
DNA damage response pathways does not re- 
quire DNA damage but can be triggered by stable 
association of single repair factors with chroma- 


tin, Our observations suggest that the physical 
interaction of DNA repair factors with chromatin 
is a key step in activation of the DDR signaling 
cascade, and that the observed buildup at DNA. 
damage foci probably contributes appreciably to 
establishing the cellular response to damaged 
DNA (4). Our observation that immobilized 
downstream factors can recruit upstream compo- 
nents indicates that activation of a full DDR 
involves amplification via formation of multiple 
repair complexes and perpetuation of YH2AX 
phosphorylation. A critical role for signal ampli- 
fication on DNA is also suggested by the findings 
that in the absence of YH2AX or MDC1, several 
repair factors, including NBS1 and 53BP1, are 
recruited to of double-strand breaks, but do 
not accumulate and are not efficiently retained 
(16, 19). Our observation of phosphorylation of 
several key components of the DDR, including 
H2AX, NBS1, and ATM, and the appearance of 
cell cycle delays upon tethering indicate that the 
observed cellular response mimics to a large ex- 
tent the physiological DDR. Given the apparent 
importance of the physical interaction of DNA 
repair factors with chromatin, it will be essential 
to uncover the precise role of higher-order chro- 
matin structure and chromatin-remodeling com- 
plexes in triggering the DDR. 
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Transfer of Learning After 
Updating Training Mediated 


by the Striatum 


Erika Dahlin,*?* Anna Stigsdotter Neely,? Anne Larsson,”* Lars Backman,° Lars Nyberg™?"* 


Process-specific training can improve performance on untrained tasks, but the magnitude of 

gain is variable and often there is no transfer at all. We demonstrate transfer to a 3-back 

test of working memory after 5 weeks of training in updating. The transfer effect was based on a 
joint training-related activity increase for the criterion (letter memory) and transfer tasks in a 
striatal region that also was recruited pretraining. No transfer was observed to a task that did not 
engage updating and striatal regions, and age-related striatal changes imposed constraints on 
transfer. These findings indicate that transfer can occur if the criterion and transfer tasks engage 
specific overlapping processing components and brain regions. 


jask-specific performance enhancement 

and altered patterns of brain activity have 

been demonstrated after training on com- 
plex executive tasks (/, 2). Training can also im- 
prove performance on untrained transfer tasks 
(3), but the magnitude of gain is considerably 
smaller and often there is no transfer at all (2). 
One current hypothesis is that transfer will occur 
if the criterion and transfer tasks involve over- 
lapping processing components and engage, at 
least in part, the same brain regions (4). In the 
present study, we studied leaming and transfer of a 


specific skill: updating. Updating is a basic 
executive function (5, 6) related to measures of 
intelligence (7) and working memory, in particular 
to working-memory tasks that require manipula- 
tion of information (6). Updating has been 
associated with the striatum (8), and, in a recent 
computational model (9), striatal neurons serve a 
gating function for updating in working memory. 

To map training-induced changes in brain 
activity, functional magnetic resonance imag- 
ing (fMRI) was used before and after 5 weeks 
of computer-based updating training (/0). A test 


of letter memory served as the updating criterion 
task (5). It consisted of 10 lists of randomly 
presented letters (A to D), and the task was to 
recall the four last presented letters. The n-back 
task (//) with three levels of load (1, 2, and 3) 
was used as the transfer task. This task differed 
from letter memory in terms of memorial con- 
tent (letters versus numbers), set size, presen- 
tation rate, and response format (/0). These 
differences are important given that previous 
research has indicated that even subtle procedu- 
ral variations can reduce the degree of transfer 
(12), but, critically, n-back requires updating and 
hence shares a basic process with letter mem- 
ory. A Stroop test was also included. Letter mem- 
ory and Stroop tap different executive processes 
(5, 6) and activate specific neural systems (/3), 
but transfer could be mediated through a com- 
mon frontoparietal network (/3, /4). Alternative- 
ly, no transfer to Stroop should be observed if 
transfer specifically depends on training-induced 
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changes in a striatal updating system. In a second 
experiment, we used the same basic procedure 
to investigate training effects in older adults (/0). 
Task-specific training gains and altered pattems 
of brain activ fier training on complex execu- 
tive tasks have been demonstrated in older adults 
(/5, 16), but transfer to untrained tasks tend to be 
more difficult to demonstrate in older than in 
younger adults (/2, /7—19). It is well established 
that age-related changes are prominent in the 
striatum (20, 21), which could impose constraints 
‘on transfer of updating training to untrained task 
performance. 

In experiment 1, the training and control groups 
were comparable on relevant background char- 
acteristics (table $1), and the groups were in- 
distinguishable on letter memory before training 
(table $2), The training group showed consider- 
ably larger gains in letter memory, as revealed by 
a significant group-by-session interaction (F} 29 = 
26.45, P < 0.001). Further, the effect size for 
the training group was significantly larger than 
for the control group (Fig. 1A) [20 4, P< 
0.001]. Evaluation of performance on the Stroop 
task did not reveal any significant training-related 
changes in performance (table $2). For the n-back 
task, there was a significant group-by-session in- 
teraction (F) 29 = 10.32, P < 0.01) for 3-back, 
and the effect size for trained participants was 
significantly greater than for controls (Fig. 1A) 
[«20) = 4.05, P < 0.001]. No significant inter- 
action was found for 1- and 2-back, reflecting 
pretraining ceiling effects (table $2). Anal 
of the n-back imaging data were therefore re- 
stricted to 3-back. 

The hypothesis that transfer will occur if 
the criterion and transfer tasks initially engage 
similar processes and brain circuits predicts 
overlapping activity before training. We tested 
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this prediction with a conjunction analysis of 
pretraining activity (NV = 22) for letter memory 
and 3-back and observed joint activation in 
left striatum (x =—16, y =—2, and z= 16; 20, 
y = 4, and z = 14) along with common fronto- 
parietal activation (Fig, 2A). In addition, a direct 
comparison of letter memory and 3-back at pretest 
revealed several differences in brain activity, as 
expected from differences in task demands (fi 
$1). A similar conjunction analysis of letter 
memory with the Stroop task did not reveal any 
overlap in striatal regions, despite overlap in fronto- 
parietal regions (Fig, 2A). Analyses of pre- and 
post changes in the {MRI data for letter memory 
revealed relatively grealee activity after training 
in left striatum (x = —26, y = —4, and z = 4; ¢ 
4,32) (see table $3 for other areas), along with 
decreased frontoparictal activity (table $3). In 
the gales of transfer et training-related 
seen in left striatum (x = —30, 
6; T= 4.74) and frontal cortex for 
see table $3 for other areas), but no 
significant changes were found for Stroop. On 
the basis of these findings of posttraining activity 
increases in left striatum for both letter memory 
and 3-back, we conducted a conjunction analy- 
toa commonalities in between-session 
activation changes for these tasks. This anal 
revealed overlap in left striatum (x = —28. 
and z = —2; T = 3.91). Critically, the striatal 
region showing training-related increases for both 
letter memory and 3-back overlapped with the 
striatal region that was jointly activated at the 
pretraining session for these two tasks (Fig. 3A). 
This overlap in activity fell within the associative 
striatum (22). 

In experiment 2, the older training and con- 
trol groups were comparable on relevant back- 
ground characteristics (table S1), and the two 
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Fig. 1. (A) Letter memory and 3-back performance for training and control groups. The histograms 
denote mean effect sizes. (B) Training gains in younger and older adults during the 5-week intervention 
period. Error bars indicate SEM. Asterisks indicate statistical significance; n.s., not significant. 
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groups performed at similar levels on letter mem- 
ory at pretraining (table $2). Both groups improved 
their performance in the posttraining session, 


Fig. 2. (A) Brain maps to the left (dorsal view) 
show activation of bilateral parietal cortex and 
lateral and medial frontal cortex for all tasks at 
pretraining. Conjunction analyses of the letter 
memory (LM) task with Stroop and 3-back revealed 
overlapping frontoparietal activation patterns for 
the criterion task and both transfer tasks (cortical 
maps to the right). The bar graph (bottom) shows 
the striatal activation profile across tasks at pre- 
training and reveal overlapping activations in LM 
and 3-back (plotted at peak x = -20, y = 4, and 
z= 14). (B) Brain map to the left shows activation 
of bilateral parietal cortex and lateral and medial 
frontal cortex for LM pretraining. The bar graph 
shows no significant striatal activation in LM for 
older adults (plotted at peak x = —24, y = 10, and 
z= —2, where selective training-related increases 
were found). Error bars indicate SEM. 
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Fig. 3. (A) Left striatum (peak x = —20, y = 4, and 
Z = 14) was activated before training and showed 
a training-related increase for both letter memory 
and 3-back in younger adults. The bar graph shows 
the activation profiles across tasks and sessions. 
The red line indicates mean baseline bold values 
for the striatal region (mean of trained before, con- 
trols before, and controls after). (B) Left striatum 
(peak x = -24, y = 10, and z = 2) showed a 
training-related increase for letter memory in older 
adults. Error bars indicate SEM. 


but the increase in performance was larger for 
the trained group compared with controls as indi- 
cated by a significant group-by-session inter 
tion (F;,)7 = 20.56, P< 0,001), Further, the effect 
size was significantly larger for the old training 
group compared with controls (Fig. 1A) [«(17) 

4.53, P < 0,001]. However, the older adults 
showed no transfer to 3-back (Fig. 1A). This 
finding is in keeping with prior findings of lim- 
ited transfer for older adults (/2, 17—/9). Further- 
more, a comparison of the leaming curves from 
experiments 1 and 2 showed that the trained 
older adults had significantly lower performance 


at the beginning [(24) = 3.38, P < 0.005] as well 
as at the end of training [(24) = 4.99, P< 0.001] 
compared with the trained younger adults, and 
the final level of letter memory performance in the 
trained older group was below the level reached 
by younger adults after 2 weeks of training (Fig. 
1B). These behavioral findings indicate age- 
related neural constraints on updating learning 
and transfer, which was supported by the {MRI 
cally, the striatum was not sig- 
ated during letter memory in the 
pretraining session for older adults, although 
they did activate frontoparietal regions (N= 19) 
(Fig. 2B). Analyses of prepost changes for letter 
memory revealed training-related activity increases 
in left striatum for trained older adults relative to 
controls (xv = -24, y = 10, and z = -2; T= 4.17) 
(Fig. 3B; see table S3 for other areas), but no 
significant changes were found for the 3-back 
transfer task. 
Our findings reveal a critical role for the 
striatum in mediating transfer of learning after 
updating training. Transfer after other forms of 
training, taxing different executive processes, 
will likely depend on other brain regions. The 
striatal region where a common training-related 
increase was seen for the letter memory and 3- 
back tasks was also activated at pretraining for 
these tasks. By contrast, no striatal activation 
was observed for the Stroop task, and updating 
training did not influence Stroop performance. 
Some previous research has found striatal activa~ 
tion during the Stroop task (23), but this is not a 
typical finding (24, 25) and the Stroop task should 
not tax updating, Thus, although a similar front- 
oparietal cortical system was activated for all three 
tasks examined, the transfer effect apparently 
required that both the criterion and transfer tasks 
engaged a specific processing component (i.c., 
updating) and associated brain systems (i.c., 
striatum), Even though this conclusion is based 
on a limited regime of tasks, the observed se- 
lectivity in the neural basis of transfer is consistent 
with numerous behavioral findings of limited 
transfer, The hypothesis that a basis for transfer 
is that training and transfer tasks recruit overlap- 
ping neural systems (4) may thus be too general. 
The finding of substantial performance inere- 
ments on the criterion task for the older partic- 
ipants is consistent with previous demonstrations 
of enhanced performance after executive train- 
ing in advanced age (/5). However, there were 
pronounced age-related performance deficits on 
the updating criterion task and, most critically, 
on the magnitude of transfer to the 3-back task. 
Also, the older adults did not show significant 
striatal activation before training. These results 
indicate that restricted transfer of learning after 
updating training in older age may reflect defi- 
cient striatal functioning (2/, 24). Importantly, 
the differences in task characteristics and 
ciated brain activity (fig. $1) and the finding of 
pronounced task differences in training-related 
frontal changes (table $3) converge with the ob- 
servation of significant improvement on letter 


0 


memory along with no transfer to 3-back in older 
adults. Although the distinction between training 
and transfer tasks remains to be defined precisely, 
collectively our findings illustrate the distinct na- 
ture of the current criterion and transfer tasks. 

A key role for the striatum in learning and 
tran: of an updating skill is consistent with 
much previous work. A recent study identified 
striatum as being responsible for allowing only 
relevant information into working memory (26). 
Anterior parts of the striatum form an associa- 
tive network with dorsolateral frontal regions 
(22, 27). Neurons in the striatum may regulate 
updating in working memory by affecting dopa- 
minergic modulation of the prefrontal cortex 
(9, 28), and increased striatal dopamine release 
has been observed during performance of tasks 
requiring specific executive processes (29). 


References and Notes 

1, K.L. Erickson et al,, Cereb. Cortex 17, 192 (2007). 

2. P.J. Olesen, H. Westerberg, T. Klingberg, Nat. Neurosci 
7, 75 (2004). 

3. M.C. Lovett, J. R. Anderson, J. Exp. Psychol. Learn 
‘Mem. Cogn. 20, 366 (1994). 

4. J. Jonides, Nat. Neurosci. 7, 10 (2004), 

5. A. Miyake et al., Cognit, Psychol. 41, 49 (2000), 

6. EE. Smith, J. Jonides, Science 283, 1657 (1999). 

7. N. P. Friedman et al., Psychol. Sci. 17, 172 (2006). 

8. R. O'Reilly, M. Frank, Neural Comput. 18, 283 (2006). 

9. R.C. O'Reilly, Science 314, 91 (2006). 

10. Materials and methods are available as supporting 
material on Science Online. 

11. J. D. Cohen et al., Hum. Brain Mapp. 1, 293 (1993). 

12. A. Denwinger et al., Aging Neuropsychol. Cogn. 10, 202 
(2003). 

13. F. Collette et al., Hum. Brain Mapp. 25, 409 (2005). 

14, T. Klingberg et al, J. Am. Acad. Child Adolesc. Psychiatry 
44, 177 (2005). 

15. KL. Erickson et al., Neurobiol. Aging 28, 272 (2006). 

16. H.W. Mahncke et al., Proc. Natl. Acad. Sci. U.S.A. 103, 
12523 (2006). 

17. A, Stigsdotter Neely, L. Backman, J. Gerontol, B Psychol, 
Sci. Soc. Sci. 48, 233 (1993) 

18. K. Ball et al., JAMA 288, 2271 (2002). 

19. G. W. Rebok, M. C. Carlson, }. B. 5. Langbaum, J. Gerontol 
B Psychol. Sci. Soc. Sci. 62B, 53 (2007), 

20. R. L. Buckner, Neuron 44, 195 (2004) 

21. N. Raz et al., AINR 24, 1849 (2003). 

22, D. Martinez et al. J. Cereb. Blood FlowMetab. 23, 285 (2003). 

23. B. S. Peterson et al., Cogn. Brain Res. 13, 427 (2002). 

24. B. H. Schott et al., Brain 130, 2412 (2007). 

25. D. E. Nee, T. D. Wager, J. Jonides, Cogn. Affect. Behav. 
Neurosci, 7, 1 (2007). 

26. F. McNab, T. Klingberg, Nat. Neurosci. 11, 103 (2008). 

27. RB. Postuma, A. Dagher, Cereb. Cortex 16, 1508 (2006) 

28. J. D. Cohen, T. S. Braver, }. W. Brown, Curr. Opin. 
Neurobiol. 12, 223 (2002). 

29. 0. Monchi, J. H. Ko, A. , Strafella, Neuroimage 33, 907 
(2006). 

30. The authors thank M. Andersson for support with statistical 
analyses, A-K. Johansson for helping in collecting the 
data, and the staff at the MRI center. This work was funded 
by grants from the Swedish Research Council and the Joint 
Committee for Nordic Research Councils in the Humanities 
and the Social Sciences to LN. for a Nordic Center of 
Excellence (NCoE) in Cognitive Control and by grants from the 
‘Swedish Research Council and Swedish Brain Power to LB, 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/320/5882/1510/DC1 
Materials and Methods 

Fig. S1 

Tables $1 to $3 


22 January 2008; accepted 15 May 2008 
10.11 26/science.1155466 


13 JUNE 2008 VOL320 SCIENCE www.sciencemag.org 


AAAS/Science Busin 


Cryostat 

The Leica CM1950 cryostat is designed to meet the requirements for high-quality sectioning, 
user safety, and improved workflow. The instrument includes two innovative features: the 
CryoZone cooling system and the optional vacuum waste removal system. The CryoZone system 
controls a zone of uniformly cool air in the critical areas of the cryometer. The cool air circulates 
around the specimen, knife, and antiroll guide to create the best conditions for consistent, high- 
quality sectioning. The optional vacuum system aids efficient workflow by keeping sections flat 
and wrinkle-free and enhances user safety by removing waste material. With precise microtome 
and object feed mechanisms, rapid freezing, and accurate temperature control, the Leica 
CM1950 provides full control of each tissue section. Optional extras include a dual compressor 
for independent temperature control of the specimen head and a hesitation-free, motor-driven 


cutting stroke. 
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or tube rack to gently and evenly thaw samples without risk of 
damage. It is economical, quiet, and compact. 
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For information +44-1932-240255 
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Perfusion Chamber 

The Moist Chamber Type 834/8 is a flexible tool for perfusion of 
organs such as liver and kidney from rodent models. In its basic 
configuration, the Moist Chamber consists of a deep (110 mm by 
40 mm by 35 mm) organ chamber with a tight-fitting cover. Both 
components are double-walled and water-jacketed to provide 
a stable, temperature-controlled environment. The perfusion 
medium is warmed by passage through a built-in heat exchanger 
and bubble trap immediately before contact with the organ. 
Inside the chamber, a flexible silicone platform acts as a rest for 
preparation and cannulation of the organ. Several measurement 
and sample ports provide easy access to the inner chamber for 
collecting a wide range of physiological data. The Moist Chamber 
can be part of a simple constant flow perfusion system for testing 
potential vasoactive compounds or form the core of a combined 
constant pressure and flow system for more complex perfusion 
and dose-response regimes. 

Harvard Apparatus 

For information 800-272-2775 

www.harvardapparatus.com 


Stem Cell cDNA Libraries 

The SuperScript Human Stem Cell cDNA Libraries consist of 
complementary DNA (cDNA) isolated from commonly used, well- 
characterized human embryonal carcinoma and human embryonic 
stem cell lines. These libraries have many uses as a reference set 
of stem cell genes and can be used for gene discovery, polymerase 
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chain reaction analysis, the construction of cDNA arrays, and 
functional screening. With these libraries, researchers can begin 
to characterize key genes in stem cell lines, allowing for the 
identification of the gene expression profile at various stages of 
cell development. 
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The GlaxMax-Multi Detection System’s multimode capability 
includes luminescence, fluorescence, and absorbance detection in 
96-well plates. The modular design allows a user to expand into 
these applications as needed, which is particularly applicable for 
cancer research, cell biology, and drug screening. With a simple 
touch-screen interface, GloMax operates as an independent 
workstation with no need for a computer to operate it, but data 
can be transferred via a USB port. The GloMax is suitable for the 
multiplexing of assays, and an injection system is available for use 
with the Dual-Luciferase Reporter Assay System. 

Promega 
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www.promega.com 


Bead-Based Multiplex Assays 

The Widescreen EpiTag ERK Pathway Assays are the first wave 
of bead-based, multiplex assays based on EpiTag Technology 
licensed from Epitome Biosystems. The new line of assays will 
enable researchers to make quantitative, highly multiplexed 
measurements of important cell targets to facilitate drug discovery 
efforts. The assays detect key events in the extracellular signal- 
regulated kinases (ERK) pathway from both human and mouse 
samples. ERK pathway protein levels and phosphorylation are 
deregulated in many types of cancer and are considered strong 
candidates for the development of therapeutic approaches. These 
assays will enable researchers to determine the effect of candidate 
compounds on multiple analytes to allow a better understanding of 
on- and off-target effects. 
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HALF-COVERED IN TREES AND BLESSED— 
or cursed—with hot, dry summer days, 
Greece is used to wildfires. Yet the blazes 
that swept across Greece last summer were 
the worst in living memory. According to the 
European Commission, 64 people died and 
about 180,000 hectares of forest and agricul- 
tural land were burned in just the most severe 
of the blazes, which raged between 24 and 
30 August. It was, says Andreas Drouzas, a 
Greek forest evolutionary geneticist at Aris- 
totle University of Thessaloniki, “something 
that both professionally and personally 
someone cannot take out of his or her mind.” 

While some tree species have evolved to 
regenerate naturally after fire, last summer's 
fires destroyed fir trees in the mountainous 
Peloponnesus peninsula and in Mount Par- 
nitha near Athens that are not normally 
affected by fire. “The fir forests need hun- 
dreds and even thousands of years to be estab- 
lished, and they don’t have any mechanis! 
survive or overcome the fire,” Drouza: 
“That is because the fires at high elevations 
were a rare event, but due to the climate 
change nowadays, the fires burned down 
even forests of high elevations.” 

Unfortunate events such as these may have 
some positive scientific consequences. 
Stresses on ecological systems, and the global 
changes and human activities that cause them, 
nudge the science of forests in new directions, 
creating professional opportunities. “As the 
forests have decreased and the society has 
become more ... aware of the consequences 
of loss of natural ecosystems and biodiversity, 


and the associated decline of ecosystem serv- 
ices, there has been more and more interesting 
research in forest ecology, and this trend will 
continue,” says Kamaljit Bawa, a tropical for- 
est evolution and conservation ecologist at the 
University of Massachusetts, Boston. 


An evolving field 

Over the past decade or so, the focus of ecol- 
ogy has shifted from studies of undisturbed 
ecosystems to the impact of human at 
ties, propelling some subfields—including 
forest ecology—into a period of renaissance. 
Because forest ecosystems help maintain 
water and air quality, regulate the local and 
global climates, protect soils from erosion, 
and host the greatest biodiversity on land, 
they are central to most of today’s global 
environmental issues. 


an) 


Sustaining biodiversity. Andreas Drouzas wants to 
create a gene bank so that forests in the Peloponnesus 
peninsula can be restored after fires. 


In Europe, the European Commission has 
made environmental research one ofits 10 the- 
matic priorities in its 2007-13 funding frame- 
work program, earmarking nearly €1.9 billion 
for environmental research from a €50.5 bil- 
lion budget—a sharp increase from the previ- 
ous framework. Forest research is expected to 
grab a healthy chunk of Europe’s spending on 
environmental research; the new framework 
offers many topics on which forest ecologists 
could submit proposals, Drouzas says. 

In the United States, National Science 
Foundation (NSF) funding for environmental 
research and education increased by about 
40% between 2000 and 2004, after which it 
flat-lined, But Susan Stafford, a forest statisti- 
cal ecologist at the University of Minnesota, 
St. Paul, and chair of the NSF Advisory Com- 
mittee for Environmental Research and Edu- 
cation, says a large-scale research program 
focused on the sustainability of complex 
environmental systems is in the pipeline. “We 
are very optimistic that the funding for all 
environmental fields” will increase after 
2010. And “forestry [is] a very major compo- 
nent in all of environmental and ecosystem 


sciences,” she says. 
Dirty boots and other basics 
Workin; forest ecology requires a special 


set of skills: a foundation in biology, chem- 
istry, physics, and mathematics; a deep 
understanding of ecological principles and 
forest ecosystems; and enough knowledge 
about botany and taxonomy to recognize 
known species and new ones. It also requires 
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an array of field techniques for measuring for- 
est structure, soil chemistry, and climatic con- 
ditions, for example. 

Forest ecologists also need “a lot of grit,” 
says Catherine Cardelus, a tropical forest 
canopy ecologist at the University of Florida, 
Gainesville. Cardeliis commonly puts on a 
15-kg backpack filled with climbing gear, 
hikes 4 hours into the middle of the forest, 
then goes up trees. “You need to be able to 
handle that,” Cardelus says, while remaining 
flexible—and not just literally. “We are con- 
stantly updating and revising the situation” 
the work and conditions require, she says. 

Getting along in forests requires survival 
skills, especially in the tropics. You have to 
know how to avoid the pervasive snakes and 
spiders, for example. Then there's the risk of 
getting lost, being stung by a swarm of bees, 
or being urinated on by howler monkeys. 
“The canopy is where they live,” and monkeys 
will yell and throw things at you, and even uri- 
nate on you, if you don’t leave their tree and 
let them eat in peace, Cardelus says. 

In such a hazardous world, caution reigns, 
and remaining safe requires some technical 
and physical skill. “I can drop out of a tree in 
15 seconds in case I am swarmed by bees,” 
Cardelis says. “What I do is inherently dan- 
gerous, but am very safe.” 

The best way toacquire the needed skills is 
by getting your boots muddy. “Volunteer to 
join a field trip expedition, just to get some 
experience to see what is involved rather than 
just being in lectures or lab work,” says 
Yadvinder Malhi, an ecosystem scientist 
working on tropical and temperate forests at 
Oxford University in the United Kingdom. 

You may also have to make some personal 
sacrifices. Most forest ecologists travel exten- 
sively and collect data in the wild for several 
months at a time. “You need to love being in 
the woods, without much of what we take for 
granted in our civilized world,” says Jéréme 
Chave, a tropical forest ecologist at the Labo- 
ratory for Evolution and Biological Diversity 
in Toulouse, France. “It is tiring and ... diffi- 
cult to combine with a full personal life.” 


An interdisciplinary skill set 

Forest ecologists use approaches ranging in 
scale and complexity from molecules and 
genes, through populations and communities, 
to whole ecosystems and the biosphere. 
Researchers may have to weave together 
aspects of the forest as diverse as population 
and community dynamics, plant physiology, 
microbiology, entomology, soil physics and 
chemistry, hydrology, geography, and cli- 
matic and geographical conditions. No one 
has the skills to do even part of this alone, so 
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A woman ascending. When 
Eatherine Cardeliis started 
out, most™people who were 
climbing were men.” 


A SELF-MADE CLIMBER 


Catherine Cardelus, 36, discovered her passion for tropical forests while listening to a teacher 
describe the astounding diversity of rainforests. “| decided to be a rainforest [ecologist] without hav- 
ing seen” a rainforest, Cardelus says. The following summer, she flew to La Selva Biological Station 
in Costa Rica on a summer fellowship and climbed her first tree. She “got so excited about going up 
that | didn’t think about how to get down,” she says. As she reached the first branch 15 m above the 
ground, “I looked up into it and | saw another forest.” 

Cardeltis has since taught herself how to move freely up and down trees, but she’s still struggling 
to understand a key scientific question: Why is there so much plant diversity 50 m above the ground? 

After obtaining her B.A. in biology from Barnard College in 1996, Cardelus did a Ph.D. on the 
distribution of vascular epiphytes—plants that grow on other plants—in tropical forests in the 
Department of Ecology and Evolutionary Biology at the University of Connecticut, Storrs. Part of her 
project involved looking at how microclimate affects the way plants are laid out on the branches of 
individual trees. She built networks of sensors to monitor light, humidity, and temperature along the 
branches, powering them from the ground with a motorcycle battery. She studied the distribution of 
epiphytes at 500-m intervals along a 2900-m elevation gradient between La Selva and the Volcan 
Barva in Costa Rica. 

In 2003, Cardels took a postdoc at the University of Florida, Gainesville, to study the nutrient 
dynamics of epiphyte communities, Together with her husband—a functional plant ecologist—and 
their 9-month-old son, she spent the first year of her postdoc at La Selva Biological Station compar- 
ing soil and canopy nutrient sources. 

Cardelus splits her time between the United States, where she does a lot of analytical and bio- 
chemistry lab work quantifying nutrient dynamics, and field trips. Her eldest son, now 5, routinely 
accompanies her to Costa Rica, and her second son, age 2, will come along the next time. 

Starting in July, Cardelus and her husband will each take assistant professorships at Colgate Uni- 
versity in Hamilton, New York, where she plans to extend her research to nutrient dynamics in rela~ 
tion to local pollution and climate change. “It hasn’t been until recently that |... and other canopy 
researchers ... have had enough baseline data to begin addressing these questions,” she says. 
Nowadays, “most researchers, especially forest ecologists, are incorporating climate change impacts 
into their research, both for funding reasons and because climate change is having a serious impact 
on forest ecosystems.” 

Of Hispanic origin, Cardelus is keen to share her passion for forest canopies with younger scien- 
tists and to nurture minority students and women in particular. “I had more barriers to overcome,” 
she says. In her early days, most “people who were climbing trees were men. | wasn't even consid- 
ered a serious player” at the time. -E.P.P. 


13 JUNE 2008 


1516 


SCIENCECAREERS 


The big picture. Kristina 
Stinson’s research on invasive = 


Species requires “small-scale, 9 
meticulous work.” 


MEASURING THE IMPACT OF INVASIVE PLANTS 


“| have always been fascinated by the complexity of nature and the way that [organisms] interact 
with one another,” says Kristina Stinson, 38, a plant population biologist at Harvard Forest in 
Petersham, Massachusetts. 

After obtaining two bachelor’s degrees, one in literature and languages and another in natural sci- 
ences and mathematics, Stinson did a Ph.D. at the Department of Ecology and Evolutionary Biology 
at Princeton University, conducting her research on how global warming influences the flowering time 
of alpine plants on the verge of extinction at the Rocky Mountain Biological Laboratory in Crested 
Butte, Colorado, After graduating in 1998, Stinson took a postdoc at Harvard University, where she 
studied the dynamics of ragweed populations in elevated atmospheric carbon dioxide levels as well as 
the physiological processes that turn plants into invasive species outside their home ranges. 

Stinson’s fieldwork took her to Harvard Forest, where she applied a population perspective to 
studying how invasive plants affect forest ecosystems. They “really change the way the forests work 
because they form very dense populations of single species and often replace or displace the 
native plant,” Stinson says. After a couple of years working on this topic as a research associate at 
Harvard, she was offered her current staff position at Harvard Forest. 

Stinson’s work on garlic mustard—an invasive plant able to kill fungi essential to the growth 
of tree seedlings—involves “crouching down in the woods [with] a clicker counter to count indi- 
viduals” at 1-by-1-meter sampling sites all around New England. It is “small-scale, meticulous 
work.” She brings soil samples back to the lab to monitor the presence of fungi and quantify how 
much garlic mustard affects the growth of tree seedlings in greenhouses. “It really spans the whole 
spectrum of fieldwork to lab work,” she says. 

Stinson’s work has implications for forest management. “It’s very important to be able to 
demonstrate when an invasive plant is actually having a negative impact and what the negative 
impact is, because forest managers are working to manage an ecosystem that has all kinds of 
Management problems and limited resources,” she says. She has also done research and man- 
agement advisory work for U.S.-based conservation charity The Nature Conservancy. It’s “very 
gratifying to see that your research has the potential to have an impact,” Stinson says. 

~E.P.P. 


young forest ecologists need to be “doing 
their homework, ... building the international 
ps with colleagues that allow them 
ile very realistic and vigorous scien- 
tific ... projects,” says Stafford. 

Forest ecology depends on incre: 
sophisticated technical, quantitative, sta 
cal, and computer skills. New data-gathering 
platforms like the National Ecological Obser- 
vatory Network and the international Global 
Earth Observation System of Systems are 
coming online, and growing quantities of 
data, spanning ever-larger geographical and 
time scales, await analysis. Researchers need 
a strong technical understanding of tools like 
geographic information systems, distributed 
sensor networks, and the Global Positioning 
System “to take most advantage of the enor- 
mous volumes of remotely sensed data,” 
Stafford says, Advanced computer-modeling 
skills have also become essential as 
researchers try to understand the role of 
forests in global dynamics and to predict the 
impact of environmental pressures on forests. 
Some experts, including Malhi, believe there 
aren’t enough scientists who can combine 
biological insight with competence in model- 

ysics of biological systems. 

Social science enters the picture as well. 
When looking at how local usage may drive 
certain forest species to extinction, for exam- 
ple, scientists must “not only focus on the pop- 
ulation dynamics of that species but also on 
how people harvest these species, and what 
social and economic interactions govern the 
harvesting and use of these species,” Bawa 
says. “In order to do that, you have to be aware 
of the methods that are used by social scien- 
tists” to study social institutions and economic 
determinants of human behavior, he adds. 

Some institutions are now bringing 
diverse disciplines closer in efforts to provide 
such broad training. The College of Forestry 
at Oregon State University, Corvallis, for 
example, participates in a graduate program 
i em informatics and another in envi- 
ronmental sciences that life, physical, 
and so The Department of Envi- 
ronmental Science, Policy, and Management 
at the University of California, Berkeley, 
offers a graduate program that integrates the 
natural and social sciences and allows stu- 
dents to work on forests. Last year, the 
Ashoka Trust for Research in Ecology and the 
Environment, a research, policy analysis, and 
education nonprofit Bawa founded in Banga- 
lore, India, launched a doctoral program in 
conservation science in collaboration with 
Manipal University. The program is for natu- 
ral and social scientists interested in working 
on forests, among other ecosystems. 
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‘OURTESY OF JEROME CHAVE 
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‘CREDIT 


AN ADVENTUROUS PHYSICIST 


When Jéréme Chave stepped into a tropical forest for the first time, “I was 
even unable to identify a weed in my backyard at home, and the idea that 
hundreds of plant species were coexisting peacefully in tiny areas of forest 
astounded me,” he says. The impact prompted Chave to leave theoretical 
condensed matter physics to focus on tropical forests. Ten years later, Chave, 
35, runs his own forest ecology group at the Laboratory for Evolution and 


Biological Diversity in Toulouse, France. 


Chave grew up in a family of artists with no particular interest in 


nature, he says. After obtaining a postgraduate 
diploma in mathematics and physics from the 
Ecole Centrale in Paris, he pursued a Ph.D. on 
the statistical properties of complex systems at 
the French Atomic Energy Commission Labora- 
tory of Condensed Matter Physics in Saclay, near 
Paris. Halfway through his Ph.D., Chave’s 
adviser met some ecologists investigating paleo- 
environments in Africa and South America. 
“They had the sense that modelers could bring a 
more synthetic view in their problems. We had a 
sense that we would have a model to study com- 
plex systems that would be a lot more fun than 
particle systems,” Chave says. 

Before he knewit, Chave was walking in a pris- 
tine rainforest in French Guiana designing a 
model of tree population dynamics. “I was blown 


Changing scales. Jérome Chave left theoretical 
physics to study tropical forests. 


But at most institutions, acquiring the nec- 
i of the student tak- 


herself with other areas [by] perhaps having an 
interdisciplinary master’s or Ph.D. committee 
and taking ... courses in disciplines other than 
the ones that [they] are doing,” says Daniel 
Simberloff, a community ecologist working 
on forests at the University of Tennessee, 
Knoxville. Other proven techniques include 
attending seminars in other departments and 
joining the relevant scientific societies. 

But forest ecologists must also remember to 
focus their work narrowly. “It’s such an inter- 
esting field that it’s often hard for students to 
narrow their focus and to do a doable project. 
... At any level, it’s important to home in on 
what questions you are going to focus on,” says 
Kristina Stinson, a plant population biologist at 
Harvard Forest in Petersham, Massachusetts. 


Engaging the human part of the ecosystem 

Many forest researchers consider feeding 
their results into the global political debate 
a part of their jobs. “Scientists, because they 
have certain expertise, are almost obligated 
to provide that information,” Simberloff says. 
That means learning “to effectively commu- 
nicate the results to a wide array of audi- 
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away by the tremendous complexity and amazing diversity” of forests, he 
says. Starting in 1999, Chave did a postdoc in the Department of Ecology and 
Evolutionary Biology at Princeton University. There, he used computer mod- 
eling and field data to elucidate how forest ecosystems store and recycle car- 
bon and to compare alternative theories for species coexistence. 

Since coming back to France in 2001 to take a position at the French 
National Center for Scientific Research, Chave has continued to cross dis- 
ciplines. On his team, biologists and mathematicians work together on 


projects that encompass climate change, biodiversity, community phylo- 


ences, not only scientists but people in the 
media, citizens, and of course policy- and 
decision-makers,” Bawa says. 

Dealing with such sensitive issues is a 
tricky game. You have to engage in the debate, 
yet expressing personal opinions can be 
hazardous, Make sure you base this participa- 
tion on well-grounded, credible, and objective 
science, Malhi says: “There is an important 
distinction between a concerned, informed 
scientist and a partisan lobbyist.” 


Opportunities 

Many experts see pockets of growth in the 
forest ecology field. “The job market 
remains strong, with expanding opportuni- 
ties in invasive species ecology, ... rare and 
endangered species, fire ecology, and climate 
change ecology,” Robert Teskey, a forest eco- 
physiologist who earlier this year chaired a 
selection committee in the Warnell School of 
Forestry and Natural Resources at the Uni- 
versity of Georgia, Athens, writes in an 
e-mail to Science. In addition to “forestry 
and natural resources programs in the U.S., ... 
many other programs hire ecologists who 
focus their research in forest ecosystems,” he 
adds. Michigan Technological University in 
Houghton, for example, last year launched 


genetics, population genetics, and tropical-tree defenses. 


Chave learned the ecology, molecular biol- 
ogy, and chemistry he needed by talking to col- 
leagues, going to seminars, and reading papers. 
Botany wasn’t so easy. “I spent a long time in the 
field trying to learn my species. ... If you don’t 
start at the age of 3, you don’t know how to look 
at nature in the proper way.” 

Chave, who every year spends about 2 months 
in the field, learned how to live and work in tropi- 
cal forests by doing. Still, doing botany in the trop- 
ics means climbing 50-m trees to collect leaves, as 
some of them cannot be identified from the 
ground. For someone who gets dizzy with height, 
“it was a big challenge,” Chave says. 

Once beyond the most adventurous aspects, 
“you realize how quiet it is to be in a tropical for- 
est rather than in an urban area full of stressed 
people and telephones. You just enjoy the mon- 
keys around and the birds. It’s great.” 

—E.P.P. 


a multidisciplinary hiring initiative to fill 
10 new tenure-track positions in sustainabil- 
ity science, with interactions between forests 
and the atmosphere among the research themes. 

Despite these signs of strength, “it’s really 
competitive at the moment,” says Cardelus, 
who has just been awarded a position in the 
Department of Biology at Colgate University 
in Hamilton, New York. Teskey acknowledges 
that his university has “raised expectations for 
new hires at the assistant professor level and 
[is] expecting individuals to provide a stronger 
résumé with evidence of quality peer- 
review[ed] journal articles, success in obtain- 
ing grant funds, and experience in teaching,” 

Still, “it’s a very interesting position and 
time to be a forest ecologist,” Stafford says, 
The rewards, Bawa adds, “include the knowl- 
edge that one can potentially make fundamen- 
tal contributions to the resolution of some of 
the most pressing issues faced by ... society, 
the sheer joy and privilege of working at some 
of the most pristine places on earth, the satis- 
faction of enjoying natural as well as cultural 
diversity, and the opportunities of learning 
about different knowledge systems as these 
pertain to forests.” 


—ELISABETH PAIN 
Elisabeth Pain is a contributing editor for Science Careers. 
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POSITIONS OPEN 
NEUROSCIENCE FACULTY POSITION 


The Department of Biomedical Sciences at Mar- 
quette University invites applications for a tenure- 
track faculty position at the level of ASSISTANT 
PROFESSOR. Successfil candidates will be expected 
to develop an independent, extramurally funded re 
search program, We are particularly interested in ap- 
plicants whose research utilizes molecular techniques 
to investigate an area of neurobiology that comple 
ments current departmental strengths, Teaching respon. 
sibilities will include contributions at the graduate 
and undergraduate level. The Department of Bio- 
medical Sciences (website: http://www.marquette. 
edu/chs/bisc/) provides a highly collaborative work 
environment that is experiencing rapid growth, Inter 
ested individuals with a Ph.D. in a neuroscience-related 
field and at least two years of postdoctoral raining 
should apply online by submitting curriculum vitae and 
statement of rescarch interests (Website: http: //careers. 
marquette.edu/applicants/Central?quick Find= 
50954). Review of applications will begin on July 16, 
2008, and continue until the positions are filled. In 
quiries can be addressed to: Linda Vaughn, Ph.D., 
Department of Biomedical Sciences, Marquette 
University, P.O .Box 1881, Milwaukee, WI 53201- 
1881 (e-mail: linda.vaughn@mu.edu). Marquette Uni- 
versity is an Affirmative Action/Equal Opportunity Employer 


‘The UNIVERSITY of TEXAS 
SOUTHWESTERN MEDICAL CENTER 
at DALLAS 

The Department of Internal Medicine, Division of 
Nephrology, seeks research-oriented faculty at the 
INSTRUCTOR level who will conduct indepen- 
dent research in cardiovascular and kidney biology 
and disease using mouse genetic approaches with 
special emphasis on WNK kinase models. Applicant 
must have an M.D, or Ph.D. degree with minimal 
three years of relevant postdoctoral experience. Visit 
our website: http://www.utsouthwestern.edu/ 
nephrology. Send curriculum vitae, description of 
research, and three reference letters to: 

Chou-Long Huang, M.D., Ph.D. 
University of Texas Southwestern Medical Center 
5323 Harry Hines Boulevard 
Dallas, TX 75390-8856 

E-mail: chou-long.huang@utsouthwestern.edu 

UT Southwestem is an Equal Opportunity /Affinnative 
Action Employer 


ENVIRONMENTAL RESEARCH ANALYST. 
Conduct research and analyze commercial land for 
potential development with emphasis on environ- 
mental effects including, physical and health hazards. 
Analyze data to interpret correlations between com 
I property development and environmental ef 
fects. Prepare reports to present to city, state, and 
| authorities for permits, Conduct feasibility 
studies for development of physical plants. Review 
plans, designs, layout and physical requirements for 
commercial sites and buildings. Required: Master of 
Science in chemical engineering, chemistry, or 
forestry. Equivalent of 40 hours per week. Job/ 
interview site: Torrance, California, Send curriculum 
vitae to: Person Realty Incorporated, 21641 S. 
Western Avenue, Suite C, Torrance, CA 90501, 


ENVIRONMENTAL SCIENTIST 


Conduct environment inspections and soil and 
groundwater sampling. Compile and analyze derived 
data. Support operation of remediation system. Write 
risk assessments, prepare reports, and manage database. 
Required: B.S. in environmental engineering or environ- 
mental science, or foreign equivalent. Forty hours/week. 
Job/interview site: Irvine, California, Fax curriculum 
vitac to: GeoTrans, Incorporated. Human Resources, 
fax: 240-804-8008, 


POSTDOCTORAL POSITION in 
RICKETTSIAL PATHOGENESIS and 
CELL BIOLOGY 

We are actively recruiting two Postdoctoral 
Research Fellows in the arca of bacterial patho- 
genesis and genetics, cell biology, or host/ 


vector/pathogen interaction. The successful can- 
Il drive independent research proj 


didate 
in Rickettsial pathogenesis and Rickettsial cell 
biology. Candidates should have a Ph.D. in 
relevant field including, bacterial pathog: 

and genetics or molecular entomology. Can 
didates with interest in multidisciplinary labo 
ratory should submit their curriculum vitae by 
e-mail to: A.F, Azad, Ph.D., Professor of Mi- 
crobiology and Immunology, University of 
Maryland Baltimore, School of Medicine 
(e-mail: aazad@umaryland.edu). 


‘The College of Sciences and Mathematics at Auburn 
University located in Auburn, Alabama (websi 
http://www.auburn.edu/cosam) is secking can 
didates for the position of POSTDOCTORAL 
FELLOW in the sciences and mathematics, From 
time to time, Postdoctoral positions become availa- 
ble under a variety of research grants and projects in 
the College. We are secking applications from in: 
dividuals with a Ph.D. in any one area such as biol- 
ogy, chemistry, geology, geography, mathematics, 
statistics, physics, or rclated fields. 

The candidate selected for these positions must be 
able to meet eligibility requirements to work in the 
United States at the time appointment is scheduled to 
begin and continue working legally for the proposed 
term of ensployment; excellent communication skills 
required. The positions are available for a minimum 
of one year as full-time 12 month, with renewal 
possible. Salary will be te with education 
and experience. Review of applications will begin after 
July 1, 2008, and continue throughout the year as 
positions become available, Please send curriculum 
vitae and statement of research interests, along with 
a list of three references and contact information to: 
Dr. Marie Wooten, Associate Dean for Research, 
College of Sciences and Mathematics, 315 Roosevelt 
Concourse, Auburn University, AL 36849. E-mail: 
adcocba@auburn.edu; fax: 334-844-5525 

Minorities and women ave encouraged to apply. 

Auburn University is an Affirmative Action/Equal Oppor- 
‘unity Employer. 


‘The Michigan Society of Fellows invites applica- 
tions to its POSTDOCTORAL FELLOWSHIP 
PROGRAM for recent Ph.Ds in the humanities, 
arts, sciences, and professions. These three-year posi- 
tions at the University of Michigan are open to recent 
Ph.Ds who wish to pursue rescarch opportunities while 
teaching at a major research university. Eight fe 
ships are available, wi ipend of 
Four of these fellowships will be awarded in the hu- 
manities, with the support of the Andrew W. Mellon 
Foundation. Applications must be submitted clectron- 
ically by midnight September 30, 2008. ‘The online ap- 
plication is available at website: http://www.rackham. 
umich.edu/sof. Que: y be submitted to + 
society.of.fellows@umich.edu. 


CAREER OPPORTUNITY 


This unique program offers the candidate with an 
earned Doctorate in the life sciences the opportunity 
to obtain the Doctor of Optometry (OD) degree in 
27 months (beginning in March of each year). Em- 
ployment opportunities exist in research, education, 
industry, and private practice, Contact the Admis- 
sions Office, telephone: 800-824-5526 at the New 
England College of Optometry, 424 Beacon Street, 
Boston, MA 02115. Additional information at 
website: http://www.neco.edu, e-mail: admissions@ 
neco.edu. 
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INDUSTRIAL POSTDOCS: | 
THE ROAD LESS TRAVELED 


Many scientists opt for a research career in the pharmaceutical or biotech industry, so why not 
kick-start the process by also doing a postdoc in industry? Industrial postdocs often provide higher 
salaries and greater access to resources than their academic counterparts. But how do you find out 
about available positions and whether they are a good fit for you? Will a position as a postdoctoral 
fellow provide you a foot in the door at a company? And what if you don’t like it? Will an industrial 
postdoc cut you off from returning to academia? By Laura Bonetta 


t can be difficult to find answers to these questions, in part because there just aren’t that 
many industrial postdoc positions around. According to data from the 2006 National Science 
Foundation (NSF) Survey of Doctoral Recipients, 59 percent of individuals who received 
their doctorates in the life or physical sciences in the past five years had completed or were 
participating in postdoctoral appointments. Of these individuals only a minority—11 percent 
@ inthe life sciences and 14 percent in the physical sciences—were doing their postdoc in for- 
profit or nonprofit companies, compared to 75 percent in educational institutions. “The number 
of postdocs in the for-profit sector is really small compared to that in academia,” says Nirmala 
Kannankutty, a senior analyst at NSF. 
In addition, industrial postdoc appointments can vary considerably in length, application 
process, scope, and expectations, depending on the company and, in some cases, depending on 
each company’s site. 


Looking for a Foot in the Door 

Postdoc appointments typically lead to permanent positions at some companies, but not others. The 
chemical company Ciba employs about 60 interns, both diploma graduates and Ph.D.s, each year 
at its headquarters in Basel, Switzerland (for more on internships, see page 1861). They currently 
include nine postdoctoral fellows with one- to two-year appointments, according to Kristina Schueller, 
manager of university marketing. “Our postdocs work in projects both independently and in close 
cooperation with the teams, depending on the project,” says Schueller. “Most of them do end up 
becoming permanent employees with the company. We aim at retaining them.” 

But this would not be the case at a place like the biotechnology company Genentech. Only about 
10 percent of postdocs at the South San Francisco-based biotech company end up being hired 
by the company as scientists; the majority move on to become scientists at other corporations or 
assistant professors in academia, or they pursue other careers. “We actively encourage and help 
postdocs establish an academic career, for example, by funding scientific meetings organized by 
them,” says Vishva Dixit, vice president for research at Genentech. 

Genentech’s postdoctoral program, which started in 1990, currently employs about 120 
researchers. Appointments are up to four years with a starting salary of over $49,000 for the first 
year, compared to the $38,000 or so stipend at most universities. 

Genentech postdocs are strictly kept away from any research that has to do with a potential 
product. This policy ensures that the postdocs are free to talk about their work, make reagents 
available to others, and continue to work on their projects when they leave the company. “Genentech 
postdocs are actively encouraged to speak about their results in open forums. If they don’t, this is 
considered a negative in their yearly evaluation,” says Dixit. 


Why Opt for Industry 
Many companies, even ones without a formal postdoc training program like the one at Genentech, 
see value in having postdocs around. “We see a lot of benefit in having postdocs involved in a 
project. It helps our scientists remain intellectually involved and maintain a basic research focus, 
and it really adds to the scientific atmosphere across the company,” says Donald Nicholson, vice 
president and franchise worldwide basic research head at Merck Research Laboratories. 
Nicholson, whose lab is located at the Merck facility in Rahway, New Jersey, says that he applies 
similar criteria as his colleagues in academia when selecting a postdoc to join his continued » 
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EMD 
| SERONO 


The people of EMD Serono, Inc. are committed to discovering innovative products that address unmet medical needs, with a focus on specialized 
therapeutic areas including neurology, reproductive health and metabolic endocrinology, as well as oncology and autoimmune and inflammatory 
diseases. 


Integrating cutting-edge science with comprehensive patient support systerns, our focus is on helping people live more fully. Embracing life. 
Enhancing life. That is the spirit of EMD Serono. 


Current O at EMD S ), Inc 

Research Sr. Scientist, Medicinal Chemistry 

Research Scientist, Phage Display Scientist, Medicinal Chemistry 

Senior Research Associate, Phage Display Knowledge Management Research Scientist 
PI, Structural Biology, Protein Engineering Scientist, Cell Sciences 

Project Manager, Discovery Research Associate Scientist, Cell Sciences 

Group Leader - In Vivo, Pharmacology Associate Scientist, Protein Sciences 

DMPK Scientist 

Histologist - In Vivo Pharmacology / Oncology Technical Operations 

Pl, Protein Engineering Technology Development Quality Control Analyst 

Senior Pl - Translational Oncology Regulatory Compliance Specialist/Technical Writer 
Senior Scientist, Research Informatics Validation Engineer 


EMD Serono recently announced a planned expansion of its research operations in Billerica, MA, with a $50M investment that will support the 
creation of a center of excellence in discovery. When the new facility is complete in 2010, EMD Serono will harness the combined critical mass 
of more than 250 scientists and employees, committed to discovering and developing new therapies for people living with serious unmet needs, 
like cancer and infertility. 


To learn more or to apply for one of these positions, visit www.emdserono.com/careers. 


EMD Serono, Inc., an 
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AGILITY 
FOCUS 
TEAMWORK 


BREADTH 
OPPORTUNITIES 
GLOBAL REACH 


You're an achiever and you're passionate about your work. You have an 


inquisitive nature, and want to make a difference. You understand the 
advantages of a small company compared to the opportunity and reach of 
a global organization. You wonder which environment will be best for 


unleashing your potential. 


MEDICAL DEVICES & CONSUMER PHARMACEUTICAL 
DIAGNOSTICS 

Within the Johnson & Johnson Family of Companies you can experience an 

entrepreneurial atmosphere that encourages teamwork and innovation— ’ 

in fast-paced environments that have the feel of a small company—where jnj .com/careers 

people are empowered to be innovative and to drive their own careers. 

But you'll also find the impact of the world’s most comprehensive and ASIA-PACIFIC 


broadly based manufacturer of health care products. EUROPE/MIDDLE EAST/AFRICA 


Discover the many small-company environments behind the big-company LATIN AMERICA 
impact of the Johnson & Johnson companies. NORTH AMERICA 


{@lohnson & Johnson Services, Inc. 2008. Johnson & Johnson companies are equal opportunity employer 
Johnson & Johnson Services, Inc sa member of the Johnson & Johnson Family of Companies. SMALLCOMPANY ENVIRONMENTIBIG-COMPANY IMPACT isa registered trademark af Johnson & Jahnsor 


Biotech and Pharma 


“If you go to a company 
without a formal postdoc 
program there are few 
safeguards. In my case my 
supervisor was very good and 
very academically oriented.” 
—Richard Kho 


CREDIT: COURTESY OF KHO 


lab. “We look for highly motivated, intellectually hungry individuals 
with a track record of accomplishment,” he says, adding that it also 
pays to be a team player. “The students and Ph.D.s that thrive in this 
environment have the ability to collaborate both within the company 
and outside.” 

From the perspective of the applicant, one of the main advantages 
for doing a postdoc in industry—many agree—is the access to state- 
of-the-art equipment and facilities and to colleagues with a wide range 
of research expertise from biology to chemistry to bioinformatics. 
That is what attracted Nicholson to industry when he first took a 
postdoc position at the Merck Frost Center for Therapeutic Research in 
Montreal, Canada. “What | realized, for example, was the power that 
chemistry could bring to bear on biological questions,” he recalls. 

The other advantage to doing a postdoc in industry is the exposure 
to the business side of a company. That early experience can be 
particularly valuable to someone who has his or her eyes set on an 
industrial career path. After completing a Ph.D. in organic chemistry 
at Boston College, Vikki Tsefrikas became a postdoctoral research 
associate in the cancer chemistry department at the AstraZeneca 
Pharmaceuticals facility in Waltham, Massachusetts. “| knew | 
wanted to go into industry,” says Tsefrikas. “This position allowed 
me to be in that environment and experience it firsthand.” 

Tsefrikas’s two-year appointment at AstraZeneca allows her to 
work on multiple projects, some directly related to AstraZenca’s 
company portfolio and some more investigative in nature. “I like the 
variety,” she says. “I have an insight into what the company works on 
but still have the opportunity to publish.” 


Exploring Other Options 

Would an industrial postdoc be a good fit for someone who is not 
set on a career in industry? Some postdoc projects and programs do 
provide valuable research training, not unlike that of an academic 
postdoc, but in an industrial setting. 

That is the vision behind the Presidential Postdoctoral Fellowship 
Program established in late 2003 at the Novartis Institutes for 
BioMedical Research (NIBR), the research arm of the pharmaceutical 
giant Novartis. “We wanted to provide postdocs with an opportunity 
to do the kind of science they were excited about in this kind of 
an environment that is different from academia,” says Rajesh 
Ranganathan, head of NIBR’s education office. “We wanted to create 
a program that opens more doors rather than close some of them.” 

NIBR currently employs 85 postdocs at four sites. The majority 
are evenly split between the Cambridge, Massachusetts, and Basel, 
Switzerland, NIBR campuses, with a few postdocs at the Emeryville, 
California, and Horsham, UK, sites. Each postdoc has two mentors, 
one within NIBR and the other at a local academic institution, 
both providing research and career advice during the stipulated 
three-year period. 
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After completing their training at NIBR, postdocs go on to a variety 
of positions, including assistant professor posts in academia for 
about 10 percent of them. “When the program started, many people 
were skeptical that someone trained at a pharmaceutical company 
would be able to get a good job in academia,” says Ranganathan. 
“But we have shown that this is possible.” 

As a rule NIBR does not place restrictions on its postdocs’ 
publications, and the projects are designed to accommodate this. 
“In rare instances postdocs willfully make the decision to work on 
projects that cannot be published. Such postdocs see a benefit in 
perhaps being an inventor on a patent instead and are choosing to 
take their career in a different direction,” says Ranganathan. “We talk 
to them at the outset and explain the constraints, so they embark on 
such efforts with eyes wide open.” 


How to Apply for an Industrial Postdoc 

Companies like NIBR and Genentech have formal application and 
screening processes for their postdocs, which are managed through 
a centralized office. Prospective postdocs at many other companies 
apply to the human resources department in response to a specific 
position listed on the company’s website or advertised elsewhere. 
In some cases postdocs at large pharmaceutical companies without 
a formal postdoc program obtained their positions by contacting 
individual researchers directly. 

It pays to be creative. Richard Kho found a position as a postdoc 
at the San Diego-based biotech company Triad Therapeutics (which 
closed its doors in 2004) even when there wasn’t one available. Late 
in 2000, when Kho was finishing his Ph.D. and had decided he did 
not want to stay in academia, he saw an advertisement for a research 
associate position at Triad on an Internet job search engine. While 
the position was a perfect fit for his research interests—a mix of 
bioinformatics and genetics—it called for someone with a Bachelor’s 
degree who would report to a Ph.D.-level scientist. “I replied to the 
advert and explained that | had a Ph.D. but wanted to work in this 
area,” says Kho. “We were able to turn it into a postdoc positio 

Kho ended up with a patent and two publications during his 
two-year postdoc, which then led to a permanent position at Triad. 
Although the strategy worked well for Kho—now an employee with 
the UK-based software company InforSense—he admits it was a 
gamble. “If you go to a company without a formal postdoc program 
there are few safeguards. In my case my supervisor was very good 
and very academically oriented,” says Kho. “If you seek a postdoc 
position where a postdoc program does not exist, you should be 
proactive to get the training you need.” 

Marc-Olivier Baradez used a recruitment agency to find a postdoc 
position at ReNeuron, a company formed 10 years ago as a spin-off 
of research conducted at Kings College London. After completing 
his Ph.D. in the stem cell field at Kingston University in South West 
London, followed by postdoctoral research at Rice University in 
Texas, Baradez started looking for a second postdoc position in 
London, in the same research area. After not finding anything that 
met his expectations within academia, he turned his sights to the 
biotech sector. 

“A big advantage here at ReNeuron is that there is a lot more 
money to do the work. We have few constraints other than sticking 
to a deadline and achieving a set of goals by the deadline,” he 
says. Baradez also enjoys the fact that his research is focused on 
therapeutic applications. “It is like having a justification for what you 
do ona daily basis.” continued » 


www.sciencecareers.org/businessfeatures 


For more than 30 years, Genentech 
has been at the forefront of the 
biotechnology industry, using 
human genetic information to 
develop novel medicines for serious 
and life-threatening diseases. 
Today, Genentech is among the 
world’s leading biotech companies, 
with multiple therapies on the 
market for cancer and other serious 
medical conditions. 


Greg, Avastin” Patient 


BECAUSE 


Our CAUSE is Greg and his cancer. 


Research: The Wellspring of Future Therapies 

Genentech’s Research department aims to strike a balance between basic biomedical 
research and translational research aimed at developing therapies for unmet medical needs. 
Genentech’s Research organization combines the best of the academic and corporate worlds, 
allowing researchers not only to pursue important scientific questions, but also to watch an 
idea move from the laboratory into clinical development. 


Research has opportunities at all levels in the following areas: 
Antibody/Protein Engineering 

Bioinformatics 

Immunology 

Molecular Biology 

Oncology Diagnostics 

Neurobiology 

Pathology 

Oncology/Tumor Biology and Angiogenesis 

‘Small Molecule Drug Discovery 


Product Development: Translating Science Into Patient Benefit 

Genentech’s Product Development group drives the development of breakthrough therapies 
through innovation, decisive leadership, teamwork and effective partnerships with regulators 
and collaborators. The Product Development functions work together to select molecules for 
development, develop molecules into potential therapies and ensure that future Genentech 
therapies are targeted, safe and effective for patients through clinical trials. 


Product Development has opportunities at all levels in the following areas: 
© Early Stage - Clinical Pharmacokinetics and Pharmacodynamics 

* Modeling and Simulation - Pharmacometrics 

* BioAnalytical Sciences 

* Oncology and Immunology Diagnostics 

* Oncology Pharmacodynamic Biomarkers 

* Study Management and Toxicology 


Genentech is dedicated to fostering an environment that is inclusive and encourages diversity 
of thought, style, skills and perspective. To learn more about our current opportunities, 
please visit careers.gene.com. Use “Ad — Science” when a source is requested. 


If you are not able to find any suitable positions at this time, but would like to share your 
expertise and interests with us for networking purposes, please visit 
www.gene.com/gene/genetalent/events/randpd.html. 


Genentech is an equal opportunity employer. 


In January 2008, Genentech was 
named to FORTUNE’ list of the 
“100 Best Companies to Work For” 
for the tenth consecutive year. 


Genentech 


IN BUSINESS FOR LIFE 


Biotech and Pharma 


(Internship Opportunities 


Because industrial postdocs are not a good fit for everyone, 
internships can provide a good way to test the water without 
making long-term commitments. These positions, typically 
available at the undergraduate, graduate, and postgraduate levels, 
last anywhere from six weeks to a year. “The summer internship 
program at Merck gives students a flavor for what it is like to work 
in industry. Some are enamored and some decide it is not for 
them. It is a really important trial,” says Donald Nicholson, vice 
president and franchise worldwide basic research head at the 
Merck Research Laboratories. 


Some of the companies that provide internship opportunities to 
students in science and engineering fields are: 


Amgen 
www ext.amgen.com/careers/campus.html 


Amylin Pharmaceuticals, Inc. 
careers.amylin.com/interships.asp 


AT&T Labs, Inc. 
www.research.att.com /index.cfm2portal=18 


Becton Dickinson and Company 
www.bd.com/careers/internships 


BioLogic Company 
www.biologicco.com/employment/intern.htm 


Boeing 
www.boeing.com/employment/college/internshipDetails.html 


Ciba 
www.ciba.com/myfuture 


Eli Lilly and Company 
wwwlilly.com/careers/ 


Genentech 
www.gene.com/gene/careers/university/internships/ 


Genzyme 
www.genzyme.com/corp/careers/intern_positions.asp 


GlaxoSmithKline 
www,us.gsk.com/html/career/career-summer.html 


IBM 
domino.research.ibm.com/hr/w3www_summer_watson.nsf/pages/index2.html 


Johnson & Johnson 
www.inj.com/careers/global/graduate_target/internships_co-ops/index.htm 


Merck & Co. 
www.merck.com/careers/university/internships.htm| 


Novartis Institutes for BioMedical Research 
www.nibr.novartis.com/careers/internship/index.shtml#VI 


Pfizer 
www.pfizer.com/careers/working_for/summer_internships.jsp 


Procter & Gamble 
www.pg.com/jobs/jobs_us/recruitblue/internships.jhtm| 


Roche 
www2.roche.com/careers/Internships.html 


Making the Right Choice 

Depending on the company and the project, it can be more of a 
challenge to get publications out as a postdoc in industry. One way 
to determine whether a company encourages its scientists to publish 
is to do a PubMed search that includes the company’s name. Many 
companies also list publications on their website. 

“There is tight control about how much we can publish, although 
we are encouraged to attend meetings,” says Baradez, adding that he 
does not think this would necessarily hurt his chances of returning to 
academia. “If | ever leave | will have a background and skills that are 
valued in academia.” 

Because research at a company often involves proprietary 
information, it can be difficult to share results with other scientists. 
“| have been on several hiring committees for people going from one 
company to another and often they cannot really talk about what they 
have done,” says Sam John, a staff scientist at the National Institutes 
of Health (NIH). “The interview process then becomes challenging in 
identifying candidates that fit the needs of the company.” 

John chose to do a postdoc at the former biotech company Tularik 
in San Francisco (which was acquired by Amgen in 2004) because 
the people who headed the company had a reputation for excellence 
in research. At Tularik, John had an interesting project and all the 
support he needed to complete it in a two-year period. Despite the 
resources, he quickly realized that industry was not for him. “The 
nature of industry projects is highly focused and | wanted something 
with more wiggle room,” he explains. He remained at Tularik less than 
a year and then opted for a more traditional postdoc appointment at 
Penn State. After a short stint at another biotech company, he joined 
the National Cancer Institute at NIH. 
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Featured Participants 


Industrial postdocs offer a valuable experience for those wishing 
to pursue a career in industry—providing an early start along that 
chosen path. But these positions can sometimes be a good choice for 
those who end up staying in academia. Depending on the program, 
they can offer an opportunity to do high level science in a different 
environment and to establish connections with researchers in the 
industrial sector. These positions may be harder to find than the more 
traditional postdoctoral appointments in academia, but for some they 
are worth the extra effort. 


Laura Bonetta is a scientist turned freelance writer based 
in the Washington, D.C., area. 


DOI: 10.1126/science.opms.r0800055 
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Discover tomorrow's medicines. 


Apply today. 


At Novartis Institutes for BioMedical Research (NIBR), the 
global research organization of Novartis, we are commit- 
ted to discovering innovative medicines to cure disease 
and improve human health. This is today’s frontier of 
science. Our culture of science is open, entrepreneurial, 
and collegial, unwilling to accept barriers or conventional 
wisdom. By hiring the best academic, biotech, and phar- 
maceutical trained scientists, we have fostered an atmos- 
phere for drug discovery where innovation is rewarded. 
We have created a dynamic and flexible culture that values 
and leverages each associate's diverse background, 
unique style and wealth of experience. 


U) NOVARTIS 


INSTITUTES FOR 
BIOMEDICAL RESEARCH 


NIBR has sites in Cambridge, Massachusetts (headquar- 
ters); Emerwille, CA; East Hanover, NJ; Basel, Switzerland; 
Horsham, UK; and Shanghai, China. Disease area research 
includes autoimmunity transplantation inflammatory 
disease, cardiovascular and metabolic diseases, gastrointe- 
stinal diseases, oncology, infectious diseases, musculosket 
etal diseases, ophthalmology, neuroscience, and respiratory 
diseases, Platform technologies include Analytical and 
Imaging Sciences, Biologics, Global Discovery Chemistry, 
Developmental & Molecular Pathways, Proteomic Chemistry, 
and Epigenetics. For immediate consideration, please visit 
the Career section at www.novartis.com/nibr. 


Novartis is committed to embracing and leveraging diverse backgrounds, cultures, and talents 
to achieve competitive advantage. Novartis is an equi 


opportunity employer M/F/D/V. 
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RECKITT 
BENCKISER 


Global results 
speak for themselves. 


gig 


Pharmaceutical Physician 
Research & Development 
Parsippany, New Jersey 


Worldwide Q1 2008 


Reckitt Benckiser is the $40 billion company behind the 
consumer products you know and trust. With 18 power brands 
sold in 180 different countries, operations in 60 countries, and 
net revenues in excess of $10 billion — we are in our eighth 
straight year of delivering above average industry growth across 
all areas and product categories, which shows that our 
business strategy is working. 


We are looking for a Pharmaceutical Physician to join our 
global R&D team in our Health & Personal Care Category that 
already includes top global consumer brands such as: 
Mucinex, Delsym, Nurofen, Strepsils, Gaviscon, Veet, and 
Clearasil. 


Qualifications: 

* Licensed MD, preferably with a specialty in analgesics or 
cold/fiu 

* At least 2 years professional industry experience in new 
product development, ideally within an OTC company 

* Ability to lead and influence teams with a constant drive 
toward delivering new product innovation 

* Analyze medical data and translate scientific findings into 
new product claims 


‘Our Health and Personal Care products rank among the top in 
areas such as gastro-intestinal, analgesic and cold-flu 
categories with a strong business focus on category 
‘expansion worldwide. So when you're considering your future, 
think Reckitt Benckiser. We are the very successful 
company behind the brands that you know and trust. 


To apply please go to http://careers.reckittbenckiser.com. 
Wouid you like to discuss this position with our recruiter? 
Please call (973) 404-5757. No agencies please. 


Reckitt Benckiser is an equal opportunity employer. 


But he does know that at Shire HGT we are 
working on drugs created exclusively for kids like 
him. We discover, develop, and deliver enzyme 
replacement therapies that provide a treatment 
for people with rare diseases that most of the 
world has never heard of. 


MORE 


Invitrogen is redefining the vocabulary of science. From accelerating Onda I 
the pace of research to groundbreaking online tools to worldwide service 
and support, Invitrogen is doing everything it can to make your research 
more reliable—in every way possible from A to Z. 


Sy 'ald 
Invitrogen offers challenging careers in all areas of the life science industry. = | om 
To explore current opportunities, visit www.invitrogen.com/careers. &. ] | 


@ invitrogen” 


2007 © Invitragen Corporation. All rights reserved. These products may be covered by one or more Limited Use Label Licenses (see the Invitrogen catalog or our website, www invtrogen, com), 
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CAREERS IN BIOTECH AND PHARMA 


Together, we shine! 
wwwastellas.com/us 


Imagine. 


Imagine a pharmaceut 


that is the envy of the indu: 


Imagine 


that offers 


hallenging 


turn. 


Imagine a place where an st and ‘oud to 


ay you work for a company that develops cutting-edge 


patients 


PWastellas 


POSITIONS OPEN 


STROMAL-TUMOUR 
INTERACTION GROUP 


Postdoctoral Scientist 


Salary in the range of £25,500 - £38,000 
dependent upon qualifications and 
experience 

Reference number: PI/08/20 


Paterson 


A three year position is available to study tumour microenvironment. 
The major aim of the laboratory is to elucidate paracrine signals by 
which tumour microenvironment confers metastatic and self-renewing 
propensity into nearby carcinoma cells. Stroma-targeted therapeutic 
approach will be also developed in transgenic mouse tumour models. 
References: 

1. Orimo A. and Weinberg RA. (2006) Stromal fibroblasts in cancer: 
a novel tumor - promoting cell type, Cell Cycle, 5, 1602-1606. 

2. Orimo A., et al., (2005) Stromal fibroblasts present in invasive 
human breast carcinomas promote tumor growth and angiogenesis 
through elevated SDF-1/CXCL12 secretion, Cell, 121, 335-348. 

You will have a PhD in Cell Biology or related field and three years’ 
experience in Cell Biology, Molecular Biology or Biochemistry, 

For information on the Stromal-Tumour Interaction Group, please visit 
www.paterson.man.ac.uk/stromal/ 


Informal enquiries should be directed to Dr Akira Orimo: aorimo@picr.man.ac.uk 


To apply for this position please visit our website. For applicants who 
are unable to download this information from our website, please 


contact Laura Humes, HR Adviser on 0161 446 3124, email: 
Ihumes@picr.man.ac.uk to have this information sent by post. 


Closing date for this position is Friday 11 July 2008 
www.paterson.man.ac.uk 
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The University of Texas 
at Austin 
=a 
Crystallography Core Facility Director 
The Institute for Cellular and Molecular Biology 


The University of Texas has recently created a Macromolecular 
Crystallography Core Facility. This lab will join a list of core facilities 
administered by the Institute of Cellular and Molecular Biology. The 
new facility will provid nge of services to research groups across 
campus. ‘These ‘include crystallization robots for high throughput 
crystal screening and state of the art X-ray diffraction data collection. 


We are seeking applicants for a PAD level Director of the facility. The 
applicant must have with crystallization methods, 
diffraction equipment, X- jata collection and analysis, as well as 
methods of phasing and structure solution. The Director will be 
responsible for scheduling users, and assisting researchers, with a 
range of skills, who are interested in pursuing structural problems 
and their solutions. In addition, the Director may carry out 
crystallographic projects on a contract basis and will be encouraged 
to pursue an appropriate level of independent research. 


Austin is located in the Texas hill country and is widely recognized as 


‘one of America’s most beautiful and livable cities. 


Candidates should submit a current curriculum vitae and a summary 
of research experience and future goals, together with at least three 
letters of recommendation. To assure full consideration applicati 
should be received by July 1, 2008. Material should be sent to: 


Dr. Jon Robertus 
Chair of the Search Committee 
Department of Chemistry and Biochemistry 
‘The University of Texas at Austin 
Austin TX 78712 
Homepages ¢ http:/ /wwwiemb.utexas.edu « http:/ /wwwemvutexasedu ¢ 
hitp://www:tidd.utexas.edu/index.php 
The University of Texa: 


Fondazione 


Ri.MED 


Ri.MED FOUNDATION 


Call for applications for the award of 
12 Postdoctoral Fellowships 
for training and research activities 
in biomedical and biotechnology research 
(Ref. Ri.MED — Ric/08) 


The Ri.MED Foundation was created in 2006 as an 
international partnership between the Italian Government, 
the Region of Sicily, the University of Pittsburgh, and 
the University of Pittsburgh Medical Center (UPMC). To 
develop the investigators who will later staff the planned 
Biomedical Research and Biotechnology Center in Sicily, 
the Ri.MED Foundation is calling for applications for the 
award of twelve (12) one-year fellowships (which may be 
renewed in one-year increments) based on qualifications 
and interviews. 


The selected candidates will undertake mentored 
training and research activities in the laboratories of the 
University of Pittsburgh in the fields of Structural Biology, 
Computational Biology, Neuroscience, Pharmacology, 
Vaccine Development, Tissue Engineering/Regenerative 
Medicine, Biomedical Devices, Nanotechnology 
Development, Molecular Imaging, and other related 
areas. 


Eligible fellowship candidates must meet the following 
requirements: Degree in Medicine and State certification, 
or PhD degree related to biomedical research already 
achieved or to be obtained in 2008, with no more than 
two years of post-PhD research. Also required: excellent 
(spoken/written) English proficiency, knowledge of the 
Italian language, and good knowledge of main software 
applications. Preferred: previous research experience in 
one of the aforementioned areas. 


Candidates of both sexes (Law 903/77) are requested 
to submit the following documents in English, preferably 
via email at selezioneO2@fondazionerimed.com, or via 
regular mail, no later than July 15, 2008: 


1. application request (to be downloaded at www. 
fondazionerimed.com) 

2. CV with a list of publications, and authorization to 
review personal data (Law Decree 196/2003) 

3. description of research interests, experience, and 
goals 

4. tworeference letters (one by degree/PhD dissertation 
supervisor, one by a nonsupervisor researcher/ 
professor) 

5. no more than 5 original publications. 


Selection will take place over the following 6 months, 
with a start date in 2009. Applications will be evaluated 
by a Scientific Committee, which will interview and select 
candidates on the basis of submitted documentation. 
Ri.MED Foundation fellowships are not compatible 
with any other conferred research fellowship, grant, 
work activity, or other activity that may compromise the 
execution of the training and research period, unless 
otherwise authorized by the Foundation. The training and 
research activity performed at the University of Pittsburgh 
does not represent a later employment contract. 


Ri.MED Foundation — Piazza Sett’Angeli 10, 90134 
Palermo, Italy 


CAREERS IN BI AND PHARMA 


Regulus Therapeutics, formed as a joint venture of Isis 
Pharmaceuticals and Alnylam Pharmaceuticals, is a 
rapidly-growing biopharmaceutical company created 
to discover and develop therapeutic products targeted 
to microRNA pathways. This novel, exciting approach 
has the potential to offer a new paradigm to the field 
of pharmaceutical drug discovery. Regulus has 
assembled a seasoned team supported by a world 
class board of microRNA research advisors to aid in 
this journey. Regulus offers an environment where 
results-driven professionals thrive. Join us to be a part 
of something truly exciting and revolutionary. Please 
visit our website to find a listing of current 
opportunities in the following areas: 


Molecular Biology 

Synthetic Nucleotide Chemistry 
Analytical Chemistry 
Computational Biology 


Regulus Therapeutics provides unprecedented 
opportunities for highly motivated people to see their 
efforts come to fruition. Apply online at: 
‘www.regulusrx.com. EEO M/F/D/V. 


REGULUS 


THERAPEUTICS 


www.regulusrx.com 
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National Institutes of Health 


&% National Institute of General Medical Sciences 
Department of Health and Human Services 


The National Institute of General Medical Sciences (NIGMS) in Bethesda, Maryland is seeking applications from outstanding candidates with 
a strong background in clinical genetics/genomics for a Medical Officer position in the Division of Genetics and Developmental Biology. The 
Division, which primarily supports basic research and research training, has an interest in expanding its support for research on the genetics/ 
genomics of complex human phenotypes. 


The incumbent for this position will be responsible for developing and managing a portfolio of research grants that emphasizes the application 
of genetic and genomic data to understand the biological basis of normal human phenotypes and genetic disorders. Candidates must have clini- 
cal genetics experience and a broad background in genetics/genomics, as well as specialized experience in one or more of the following areas: 
DNA replication, mutagenesis, and repair, regulation of gene expression, physiology, computational/systems biology, or related areas. 


Applicants must possess an M.D. or Doctor of Osteopathy degree, clinical genetics experience, independent research experience, and knowl- 
edge of the NIH peer review and grants process. 


Salary is commensurate with qualifications, and includes a full package of benefits. A detailed vacancy announcement (NIGMS-08-266255- 
DH) with the mandatory qualifications and application procedures can be obtained via the NIGMS web page at http://www-nigms.nih. 
gov/about/job_vacancies.html and the USAJobs web page at http://www.usajobs.opm.gov. Questions on application procedures may 

be addressed to Wendy Evans at (301) 594-2386. Applications, and supporting documentation, must be received by close of business 
07/01/2008. The NTH is an equal opportunity employer. 


The National Institutes of Health inspires public confidence in our science by maintaining high ethical principles. NIH employees are subject 
to Federal government-wide regulations and statutes as well as agency-specific regulations described at http://ethics.od.nih.gov. We encour- 
age you to review this information. 


NIDDK |e" 


New Research Initiative — Fatty Liver Disease & Obesity - Tenure Track Position 


The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), National 
Institutes of Health (NIH) invites applications for one tenure track position from scientists interested in basic and/or 
clinical research involving non-alcoholic fatty liver disease and metabolic syndrome. Specific areas of research interest 
include pathogenesis and mechanism of metabolic derangement in non-alcoholic fatty liver disease and its pathophysi- 
ologic link to inflammation, insulin resistance, metabolic syndrome and obesity. Priority will be given to applicants at 
the Assistant Professor level in traditional universities or those finishing their post-doctoral/fellowship positions. The 
applicant must have a proven record of accomplishments and will be expected to propose and pursue an independent 
research program in one of these fields. The position offers unparalleled opportunities for interdisciplinary collabora- 
tion within NIDDK and throughout NIH. 


The Liver Diseases Branch of NIDDK is located on the main intramural campus of the NIH in Bethesda, Maryland, a 
suburb of Washington, D.C. 


Interested applicants should send a Curriculum Vitae and list of publications, copies of three major publications, a sum- 
mary of research accomplishments, a plan for future research, and two letters of recommendation (preferred but not 
required) to Ms. Michelle Whitley, Search Committee, Liver Diseases Branch, NIDDK, Building 10-9B16, NIH, 
Bethesda, MD, 20892-1800. Application deadline: September 15, 2008. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAM 


WWW.NIH.GOV 


CHIEF, CHEMICAL BIOLOGY LABORATORY & 


I 


2) 


Application Deadline: September 15, 2008 


NCI is seeking an outstanding, internationally recognized scientist to serve as Chief of the Chemical Biology Laboratory (CBL) in the Center for 
Cancer Research (CCR). The position, which is the equivalent of an academic Department Chair, is a key component of a major initiative to 
build CCR’s chemistry program at the Frederick campus (http://www.nciferf,gov/). The CBL Chief will play a leading role in developing an 
integrated program of chemistry, structural biology, and lead compound discovery that both promotes the application of chemical biology 
approaches across CCR's research portfolio and interfaces with the Division of Cancer Treatment and Diagnosis's Chemical Biology Consort- 
ium. In addition to institute-wide responsibilities, the CBL Chief will direct an extensive individual research program that will complement and 
augment CCR expertise in chromosome biology, immunology, HIVIAIDS, cancer biology and molecular oncology, areas in which its Centers of 
Excellence have been established. Supported with stable financial resources, the CBL will have access to a wide array of intellectual and 
technological assets, including high-quality technology cores dedicated to protein chemistry, natural products chemistry, biophysics, mass 
spectrometry, imaging, microscopy, proteomics and genomics, bioinformatics/biostatistics, and flow cytometry, in addition to clinical support. 


The National Cancer Institute (NCI) is part of the National Institutes of Health (NIH) in the Department of Health and Human Services (DHHS), 
a federal government agency. CCR is the largest component of the NCI Intramural Research Program, providing an environment conducive to 
advancing translational research and collaborative interactions through investigator-initiated and interdisciplinary team science. Additional 
information on CCR research priorities can be found at: http://ccr.cancer.gov/ 


In addition to a Ph.D. or M.D/Ph.D. degree in a relevant discipline, applicants should possess outstanding communication skills and 
documented leadership experience. Tenured faculty or industrial scientists of equivalent rank with a demonstrated commitment to chemical 
biology should apply. Salary will be commensurate with experience and accomplishments. Applications should include a description of 
research interests and leadership philosophy, career synopsis, and current curriculum vitae with complete bibliography. 


Applications should be postmarked or received by email at cortneri@mail.nih.cov by September 15. 2008. 
Send applications to: Stuart Le Grice, Ph.D., Chair, Chemical Biology Laboratory Search Committee, : 
c/o Janelle Cortner, Ph.D., Building 428, National Cancer Institute at Frederick, Frederick MD 21702. Me 


DHHS, NIH and NCI are Equal Opportunity Employers 


NATIONAL INSTITUTE OF ALLERGY 
AND INFECTIOUS DISEAS! 


Help Us Help Millions 


RESEARCH FELLOW, Flavivirus Group, Laboratory of Infectious Diseases 


The National Institute of Allergy and Infectious (NIAID), a major research component of th Institutes of Health 
(NIH) and the nt of Health and Human Services, is recruiting for a Research Fellow. The position will be available 

in the Flavivirus group of the Laboratory of Infectious Diseases, and scientists with a M.D., Ph.D, or D.V.M. are eligible. The 
Research activity involves (1) the development of live attenuated dengue and Japanese encephalitis vaccine candidates and their 
characterization in rodents, non-human primates, and humans; (2) the development and use of reverse genetic systems for these 
viruses to examine basic questions of viral genetics, m , Vir : e mole basis of atte’ 

(3) the development and implementation of methods for th 0 pathe b caused by 
encephalitis virus; (4) production of novel candidate vaccines using si 

mutations into viral g s; and (4) the evaluation of the immunologic determinants 

by these flaviviru: is full-time h position offers a unique y to work on investigatio t range from basic 
molecular biology to applied vaccine development in a collaborative environment, and provides excelle scie 

who plan a research career in infectious diseases. 


Qualifications: Research Fellow applicants should have three or more years of relevant post-doctoral experience; the salary 
range is $44,180 - $ kage of benefits (including re nt, health, life and long term care insurance, 
Savings Plan particip. 

ation Process: 


VENTANA MEDICAL SYSTEMS, INC. 


Amember of the Roche Group. 

ntist, Applications IRC7082 
This position will play a lead role in developing new multi-parameter tissue-based applications. Strong technical expertise in the quantitation of nucleic acids 
and proteins in tissues, including method development, antigen recovery, and trouble-shooting, is required. Experience in fluorescence microscopy is highly 
desired. Duties include publication/presentation of findings, writing technical reports, data analysis, and the development of patent applications. Also expected 
is the development of productive relationships with external collaborators and with internal technical and marketing groups 
Education/Experience: 
Ph.D. degree in Life Sciences with 2+ years or Master’s degree with 5+ years relevant experience. May also include exceptional individuals without an advanced 
degree by approval 


online @sciencecareers.org 


® Senior Scientist, Bioinformatician IRC7086 
This position will play a lead role in the development of multi-analyte diagnostic applications. Strong background in the Life Sciences with bioinformatics tr 
ing is required. Demonstrated knowledge of classification algorithms is specifically desired. Specific responsibilities include performing correlative quantitative 
analyses among a variety of experimental platforms, including image data. The individual will also conduct statistical analysis to determine the validity of clinical 
trials, Interacts with consultants and with clinical investigators to determine protocol design, Evaluates databases and statistical analysis programs and interacts 
with software developers to determine hardware/sofiware compatibility. Maintains expertise in state-of-the-art data handling and statistical analyses. 
Education/Experienc 
Ph.D. degree in Life Sciences, Bioinformatics or Biostatistics. 2+ years experience developing and applying quantitative methodologies in the life sciences, 
preferably in support of the development of diagnostic reagents and technologies, or Master's degree with 5+ years relevant experience. 


© Senior Scientist, Mass Spectrometrist IRC7102 

This position will play a lead role in the development of tissue-based mass spectrometry methods. Strong background in proteomics with mass spectrometry 
specialization/training is required. This position will facilitate development and application of biomarker approaches (proteomics) to investigate disease states. 
The applicant is an experienced and highly motivated mass spectrometry specialist with demonstrated experience in biomarker research. Requirements include 
excellent analytical and deductive capabilities with expertise in the application of a range of sample preparation strategies and MS (Q-ToF, MALDI-ToF and triple 
quadrupole) techniques. Ideally this background would be demonstrated by a track record in other proteomic techniques including bioinformatics analyses. 
Collaborative work is expected with internal and external academic and industry partners. Maintains expertise in state-of-the-art expertise in methods devel- 
‘opment in mass spectrometry and data anal 
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Education/Experience: 
Ph.D. degree Chemistry/ Biochemistry, 2+ years experience developing and applying MS methodologies. preferably in support of the development of tissue-based 
assays, or Master's degree with 5+ years relevant experience. 

Ventana offers a complete benefits package. Employees can select options that meet their individual needs incl medical, dental, vision, 401K and company 
paid life insurance. To be considered for the position you must register at https://eareers.ventanamed.com. Ventana Medical Systems, Inc., A member of 
the Roche Group, 1910 Innovation Park Drive, Tueson, AZ. 85° 


Ventana is an Equal Opportunity Employer. M/F/D/V 


The Department of Pharmacology, 
Toxicology, & Neuroscience at the Louisiana State 2 3 : “ e 
University Health Sciences Center in Shreveport X } University of Oxford 
invites applications for a 12-month, tenure-track ¥ 

faculty position as an Assistant/As a 

in Pharmacology. The LSU Health Sciences Center NOON 
in Shreveport is the largest medical facility in the J 
Tri-State area and has a reputation for excellence [impguabaena 
in medical and graduate student education and Mma 
research. We are secking qualified faculty with SHPEVEPORT Professorship of Development 
expertise that compliments ongoing research in the = 

department including: the neuropharmacology of addiction, behavioral and Reproduction 


pharmacology, neuropharmacology, cellular/molecular pharmacology 
or toxicology, and/or psychoneuroimmunology. Candidates with Applications are invited for the above post, tenable from 


expertise in the neurobiology of addiction are especially encouraged as early a date as can be arranged. A non-stipendiary 
to apply. Candidates must have a doctoral degree in pharmacology or fellowship at Jesus College is attached to the professorship. 
a related discipline with demonstrated research ability, He/She will The new professorship will enhance and strengthen the 
be involved in graduate and medical student teaching and will be Department's developmental biology programme and provide 
expected to develop an independent research program, Excellent core a bridge to scientists working on reproduction in the Division. 
exist within the LSU Health Sciences Center and the adjoining ‘You ‘wil be able to damonatrate evidence of Intemational 
tute. The position will be available in the fall ; : 

b : distinction in research in development/reproduction through 
of 2008. Candidates should submit a letter of application, curriculum aaa inal ae th ; eae 
vitae, and a detailed description of research accomplishments and future Publications and invited lectures, evidence of major long-term 

peer-reviewed funding, an ability to contribute to the teaching 
and training of pre-clinical and graduate students and 
demonstrable commitment to the organisation and delivery 


Department of Physiology, 
Anatomy and Genetics 


plans, and provide the names and contact information for three or more 
rences familiar with your work 


Nicholas E. Goeders, Ph.D. 


Ps of teaching. 
rofessor and Head 
Department of Pharmacology, Toxicology, & Neuroscience Further particulars, including details of how to apply, 
LSU Health Sciences Center are available from http://www.admin.ox.ac.uk/fp/ or from the 
P.O. Box 33932 Registrar, University Offices, Wellington Square, 
Shreveport, LA 71130-3932 Oxford OX1 2UD, tel. (01865) 270200. The closing date for 
ngoede@Isuhse.edu applications is Monday 21 July 2008. 


www.sh.Isuhsc.edu 
7 ‘As an Equal Opportunity employer, we positively encourage 
Louisiana State University is an Equal Opportunity/ applications from people of all backgrounds 


Affirmative Action Employer. WWW.0x.ac.uk/jobs 


science foundation ireland 


HAVE A POSITIVE IMPACT ON IRISH SCIENCE 


Science Foundation Ireland (SFI), the National Foundation for Excellence in Scientific Research, was established to undertake 
and support strategic research of world class status in key areas of scientific endeavour which would underpin economic 
development, particularly in the fields of Biotechnology, Information and Communications Technologies (ICT) and Sustainable 


Energy and Energy Efficient Technologies. 


SFI will build and strengthen scientific and engineering research and its infrastructure in the areas of greatest strategic value to 
Ireland's long term competitiveness and development. Through innovation, investment and the development of ideas, SFI is helping 
to drive forward research of globally recognised excellence and that of nationally significant economic importance 


SF is currently seeking highly motivated individuals to fill a number of key positions as Scientific Programme Officers and Associate 


Scientific Programme Officers in all areas relating to: 


* Engineering 


SCIENTIFIC PROGRAMME OFFICERS 
(SFI 526E-08) 


As a Scientific Programme Officer, you will be helping Irish 
science to improve its international profile and to play an 
increasing role on the world stage. You will be a key decision 
maker within the Foundation and will have responsibility for 
managing a portfolio of investments made by SFI. In managing 
the peer-review process, you will be required to interact with 
international researchers at the highest level 


Candidates must possess a PhD in an appropriate discipline 
together with a minimum five years’ experience beyond the 
PhD in academia or industry. Candidates should also possess 
highly developed project management and interpersonal skills. 


To apply for the above positions please email your CV 
quoting the relevant reference number to hr@sfi.ie or 
post to: Patricia Ryder, Human Resources Manager, 
Science Foundation Ireland, Wilton Park House, 
Wilton Place, Dublin 2, Ireland. 

For complete job descriptions visit www.sfi.ie 


* Information & Communications Technology 


* Lifesciences * Chemistry * Materials 


ASSOCIATE SCIENTIFIC PROGRAMME 
OFFICERS (SFI 527E-08) 


As an Associate Scientific Programme Officer, you will assist the 
Scientific Programme Officers and participate in the initiation, 
implementation, support and promotion of SFI programmes. 
You will ensure the effective conduct of SFI sponsored research 
and maximise the capability and opportunities arising from this 
research consistent with the mission, policies and goals of SFI. 


Candidates must possess a PhD in an appropriate discipline 
together with a minimum three years’ experience beyond the 
PhD in academia or industry. Candidates should also possess 
highly developed project management and interpersonal skills. 


Wwww.sfi.ie 


SFI — RESEARCH FOR IRELAND'S FUTURE 


The closing date for receipt of applications is 

Friday 27th June 2008. 

An attractive remuneration package and employment 
arrangements are available to the successful 
candidates. SFI is an equal opportunities employer. 


online @sciencecareers.org 


4 
@ 
- 
i} 
S) 
vo 
g 
& 
g 


Theme Leader Climate 
and Atmosphere 


iu) 


CSIRO 


Melbourne or Canberra 
Negotiable Salary Package 
Ref. No. 2008/715 


CSIRO Marine and Atmospheric 
Research focuses on issues of climate, 
marine and earth systems affecting 
Australia and the world. We provide a 
range of scientific and consulting services 
that are underpinned by research. 


CSIRO is looking to appoint an 
outstanding, senior science leader to 
lead its $22m 95 plus staff Climate 
and Atmosphere Theme to provide 
for Australia high impact earth system 
science. 


The goals are to: 

* create new knowledge of Australia's 
climate; 

* support adaptation responses 
to increasing climate change and 
variability; and 

* inform strategies for mitigating climate 
change and its impacts. 


The unique focus of the Climate and 
Atmosphere (C&A) Theme is the climate 
system, in particular the atmosphere 

and its linkages to the land and ocean 
and the roles of biogeochemical cycles 

in the earth system. The C&A Theme 

is fundamental to delivery of CSIRO's 
strategic goals within the Climate 
outcome domain for projecting climate 
change and its impacts, by providing the 
science that will shape Australia’s adaptive 
responses. 


The successful applicant will collaborate 
with colleagues in the Australian Bureau 
of Meteorology, universities in Australia 
and overseas, and the UK Met Office. 


Aboriginal and Torres Strait Islanders are 
encouraged to apply for all CSIRO positions. 


For selection documentation and 
details on how to apply visit www. 
csiro.au/careers or call 1300 301 509. 


088758 


Assistant/Associate Professor 

Department of Pharmacology, 

Physiology and Therapeutics 

University of North Dakota, 

School of Medicine and ) 

Health Sciences i] 


Applications are invited for one full-time tenure-track faculty position at 
the Assistant/Associate Professor level. Applicants for this faculty position 
must have a Ph.D. or equivalent degree with at least two years of postdoc- 
toral training. Applicants for the position at the Associate Professor level 
must have a record of scholarly work and funding commensurate with the 
II be given to those applying modern molecular/genetic 
that expand on the strengths in the School 
of Medicine namely cellular signaling, neuroscience, cardiovascular 
systems and aging. A number of our faculty members are supported by 
a $10 M COBRE (NIH) grant that was recently renewed for a second 
5-year period. The candidate will be expected to maintain an active 
extramurally funded research program and participate in team-taught 
graduate and medical courses. 


Please send current curriculum vitae, contact information for three indi- 
viduals willing to serve as references, and descriptions of research inter- 
ests and teaching experience to; Dr. Jonathan D. Geiger, Professor and 
Chair, Department of Pharmacology, Physiology and Therapeutics, 
Box 9037, University of North Dakota, School of Medicine and Health 
Sciences, Grand Forks, ND 58203 (Ph. 701-777-2183, Fax 701-777- 
4490, jgciger@medicine.nodak.edu, www.med.und.nodak.edu/depts/ 
pharm). Applications will be accepted until the position is filled, 


The University of North Dakota, with about 13,000 students, is located 
in Grand Forks, ND, a family-oriented community of 55,000 people with 
excellent schools, parks, and abundant year-round outdoor recreational 
activities. 


The University of North Dakota is an Equal Opportunity/Affirmative 
Action Employer and invites applications from all qualified individuals. 
Women and minorities are especially encouraged to apply 


«FNP 


Foundation 
for Polish Science 


WELCOME PROGRAMME 
1st call for proposals 


The programme is addressed to researchers of 
all nationalities or Polish scientists abroad who 
wish to establish research teams in Poland 


The offered funding consists of research stipends 
(tax exempt) for the group leader (up to 100 000 
EUR/year), Master level students, PhD students, 

Postdocs (1500 EUR/month) and grants amounting 
to 290 000 EUR/year/group. 


The closing date for applications is 
30 September 2008 


For further information and application forms 
visit: www.fnp.eu 


The programme is financed from the Operational 
Programme Innovative Economy 2007-2013; measure 
1.2 - strengthening the human potential in the science 


sector 


INNOVATIVE ECONOMY 


NATIONAL COHESION STRATEGY 


Scientific Leadership Opportunities jeqqos¢2030 


Animal, Plant, Environmental and Food Biosciences yecarg lnowedege fer he boe 


Teagasc, the leading agriculture and food research organisation in Ireland, is seeking to appoint 14 permanent 
research scientists at Principal Investigator or Senior Researcher level to provide leadership on its new 
bioscience research Vision programme. 


As part of the Government's investment of €8.2bn in Science, Technology and Innovation under the National 
Development Plan, the Teagasc Research Vision programme will help place the agriculture and food industries central to 
Ireland's economic prosperity in the future. The exploitation of the natural bioscience technologies in the agricultural and 
food areas is a central pillar of the Irish knowledge-based bioeconomy. 


This ambitious research programme requires forward-thinking scientists with ability to create, innovate and collaborate 
nationally and on a world stage. The essential requirements for each post are outlined in the individual Job Specifications 
(available at www.teagasc.ie/careers/vision/vacancies.htm) and applicants can apply at the level at which they feel 
qualified. 

Animal Bioscience Centre, Grange, Co. Meath 

>Animal Health Bioscientist - immune function, markers for resistance to diseases / parasites 

>Nutritional Physiologist - impact of absorbed nutrients on key biological processes 

>Molecular Biologist - improving animal production efficiency 

>Computational Biologist - developing tools to mine genomic and proteomic data 

>Growth Biologist - genetic regulation of growth and function of adipose and skeletal muscle tissue 


Johnstown Castle Environment Research Centre, Wexford 


> Bio-Geochemist - nutrient and carbon transformations, utilisation / loss pathways in soils 


Crops Research Centre, Oak Park, Carlow 


>Scientist - Industrial Crop Uses - lignocellulose / biomass conversion, biorefining 
> Agronomist - Production Systems - sustainable crop production systems 


Moorepark Food Research Centre, Fermoy, Co Cork 

»Scientist - Microbial Genomics - complexity of the human gut microbiota, targeted nutrition 
>Cell Biologist/Endocrinologist - satiety in the human gut, nutrient-induced endocrine response 
>Cell Biologist - Obesity - lipid metabolism and fat storage 

> Scientist - Food Structure - health and sensory attributes from an obesity-related perspective 


Ashtown Food Research Centre, Dublin 


» Systems Analytical Chemist - isolation / characterisation of organic species from natural products 
>Natural Products/Organic Chemist - functional foods , nutraceuticals 


An attractive remuneration package will be available for these vacancies. Full details, Job Specifications, 
qualification requirements and the application procedure can be accessed on our website at 
www.teagasc.ie/careers/vision/vacancies.htm. The closing date for receipt of completed applications is 5.00pm 


on Monday 28 July 2008. 


sciencecareers.org 
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employers post jobs on 
Science Careers. 


We’ve got Careers down to a Science. 


With thousands of job postings from the industry’s top employers, 
Science Careers connects you to the very best career opportunities 
across the world in industry, academia, and government. It’s no 

wonder why top employers look to us to find the perfect candidate. 


Science Careers 


From the journal Science AN AAAS 


Log on to www.ScienceCareers.org today and watch your career 


flourish and grow. 


www.ScienceCareers.org 


ASSOCIATE PROFESSOR/PROFESSOR 
POSITION IN MOLECULAR PHARMACOLOGY 
Department of Experimental Therapeutics 


The University of Texas M. D. Anderson Cancer Center 


‘The Department of Experimental Therapeutics seeks a highly qualified, basic science 
applicant for a tenure-eligible appointment as an associate protessor/professor. 


‘The successful candidate wil possess demonstrated ability to establish and run an independent 
‘research program and obtain peer-reviewed fundinginthe discovery, development and mechanisms 
of action of molecuarytargeted anscancer agen: and in new cancer drug discovery and 
‘development. commitmenttoransational research s essential and te opportuni to playa malor 
‘ole inthe direction and operations of the Pharmaceutical Development Center (POC) ~ an in-house 
‘rug development program fornew cancer drugs aM. D. Andersons Cente fr Targeted Therapy — 
‘possible. Candidates shoul be prepared to cary out education and mentoring activites. 


The University of Texas M, D. Anderson Cancer Center offers generous start-up funds; 
quality laboratory space; and the opportunity to collaborate with leading scientists in 
molecular target identification, pharmacology, biological therapy, drug development and 
clinical testing throughout the department and institution. 

Applicants should hold a PhD. or Pharm.D. ina basic science-relatd fold, M.D, or D.VIM. 
‘with specific training in molecular pharmacology and/or toxicology or equivalent. The 
position requires a self-motivated and independent candidate who is adaptable to change 
and can lead a group of dedicated researchers, 


Preference will be given to PhD. or PharmD. candidates with experience operating a 
successful cancer drug discovery research program in academia or industry, A working 
knowedge of analytical pharmacology, pharmacodynamics and toxicology, together with 
experience managing and leading a drug development program is favored. 
Please forward curriculum vitae; contact information for references; and a brief statement 
including accomplishments, current and proposed research objectives and plans to 
emerge as a leader in chosen area to: 
Garth Powis, DPhil, Chair 
Deparment of Exparimonal Therapeutics - Unit 22 
‘The University of Texas M.D. Anderson Cancer Center 
1515 Holcombe Bivé. Houston, Texas 77030-4009 
E-mail: ETDept@mdanderson.org 


THE UNIVERSITY OF TEYS 
MDANDERSON 
CANCER CENTER 


Making 


‘M.D. Anderson Cancer Canter is an equal opportunity amplayer and doos nat discriminata on 
the basis of race, color, national origin, gender, sexval onentation, age, religion, disability or 
votaran status excapt where such disinchon is required by law. All postions at The University 
‘of Texas M.D. Anderson Cancer Center are secunty senstive and subject fo examination of 
‘criminal history record information. Smoke free and drug-free environment. 


uncer History" 


UNIVERSITY OF HOUSTON 
Founding Department Chair, 
Biomedical Engineering 


The Cullen College of Engineering of the University of Houston 
expects to inaugurate a Department of Biomedical Engincering (BME). 
We invite nominations and applications for the position of Founding 
Chair of this Department. The successful candidate should have an 
established international reputation in research, and a distinguished 
record of academic and professional leadership. As part ofa major drive 
for excellence, the College is in the process of establishing a new BME 
Department. We seck innovative and enthusiastic leadership to build a 
leading BME Department. BME currently has two tenure-track faculty 
and plans to add 12 faculty positions within the next five years. The 
Department will move to a newly completed building and will enjoy 
state-of-the-art facilities. Existing biomedical rescarch strengths in the 
College, as well as at the University and the neighboring Texas Medi- 
cal Center, provide a unique environment to build a stellar department 
(http://www.egruh.edu/bioe/). The position is available beginning 
Fall 2008, with competitive salary and benefits. The Committee will 
accept and review applications until the position is filled. 


Send nominations and applications to: Dr. Haluk Ogmen, Chair of 
the BME Search Committee, Office of the Dean, Cullen College 
of Engineering, £421 Engineering Building 2, University of Hous- 
ton, Houston, TX 77204-4007 (or e-mail to kkarson@uh.edu). The 
application package should include a cover letter, CV, and the contact 
information of four or more references. 


The University of Houston is an Equal Employment Opportunity, 
Affirmative Action Employer. Minorities, women, veterans, and 
persons with disabilities are encouraged to apply. 


Smithsonian Tropical Research Institute 


IS SEARCHING FORA 
DEPUTY DIRECTOR 


The Smithsonian Tropical Research Institute 
(STRI), headquartered in the Republic of 
Panama, seeks an excellent scientist with 
extensive administrative and research 
experience to serve as Deputy Director. The 
Deputy will assist the Director in fostering 
and evaluating staff research programs, and 
administrative and outreach support activities, 
by providing leadership and guidance to staff, 
fellows, students and visiting scientists. The 
Deputy also has significant liaison roles with 
Panamanian government authorities, national 
education institutions and civil soc 


STRI is a unit of the Smithsonian Institution 
that is primarily devoted to fundamental 
research in tropical sciences, including 
animal behavior, anthropology, archaeology, 
botany, ecology, evolution, geology, molecular 
biology, paleontology, plant physiology. and 
soils science: additional programs center on 
conservation biology and applied ecology (see 
http://www.stri.org). 


STRI maintains modern research laboratories, 
a library, administrative and support centers 
in Panama City. several major facilities for 
marine and terrestrial field research in Panama, 
a 100’ research vessel, and canopy access 
cranes, STRI coordinates a global network 
of forest-dynamics plots through its Center 
for Tropical Forest Sciences/SI Global Earth 
Observatories. In collaboration with other 
institutions, STRI also participates in the 
operation of large research facilities in Brazil 
and Kenya. STRI employs approximately 
40 scientists and 300 technical and support 
personnel, and annually hosts more than 
1000 scientific visitors. STRI is committed to 
advanced scientific training through rigorous 
Fellowship and Internship Programs, and via 
cooperative programs with leading educational 
institutions. 


Applicants should have @ Ph.D and research 
experience in a relevant field of science, and 
arecord of excellence in scientific administra 
tion. Fluency in Spanish, and familiarity with 
Latin America, is desirable. 


Interested candidates should submit a curricu- 
lum vitae: a summary of administrative expe- 
rience and accomplishments; a summary of 
scientific research interests; a vision statement 
on the future of tropical biology and related 
fields; and the names and contact information 
of five potential referees. Annual salary and 
benefits are commensurate with experience 


Review of applications will begin in August 
2008 and continue until the position is filled. 
Please send applications electronically to 
the Director of STRI, c/o Ms. Luz Lator- 
raca, Office of Human Resources at: 
LatorraL @si.edu. Address inquiries concem- 
ing the position to Dr. William Weislo, Acting 
Deputy Director, at: WeisloW@si.edu 


STRI is an Equal Opportunity Employer 
and appointments are made regardless 
of nationality. 


FvP 


The Humboldt-Universitat zu Berlin and the Leibniz-Institut fllr Molekulare Pharmakologie (FMP) invite 
applications for a 


Full Professor (W3) Chemical Biology/Head of Department 

(Successor of Prof. Dr. Michael Bienert) 

The professorship includes the position as a head of department within the research section "Chemical 
Biology" at the FMP. The FMP is a research institute funded in equal parts by the federal government and 
the state of Berlin. Itis located on the life science campus Berlin-Buch and provides an excellent research 
environment. 


Ome 


We are looking for an internationally renowned sclentist to be core of the research section "Chemical Biology" 
which includes protein and peptide chemistry, medicinal chemistry, a screening unit for small molecules, 
an automated microscope as well as state-of-the-art mass spectrometry, 

Successful applicants will have a record of outstanding productivity in the field of chemical biology. Prefer- 
ably, they will be able to provide expertise in developing methods and techniques in chemical biology, 
especially In probing protein functions with small molecules or through the development of chemical 
tools that visualize proteins or cellular processes. The FMP will host an international symposium on these 
topics in summer 2008, The applicant is expected to engage in close collaborations with other research 
groups at the FMP, e. g. in structural biology and cell biology, and to further the scientific exchange with 
research institutes of Humboldt-Universitat and of other institutions. 

The candidate will be involved in the teaching of students (reduced teaching obligation). Applicants must 
meet the requirements for a university professor as stipulated in § 100 of the "Berliner Hochschulgesetz" 
The Leibniz-Institut fr Molekulare Pharmakologie and the Humboldt-Universitat are equal opportunity 
employers, committed to the advancement of individuals without regard to ethnicity, religion, sex, age, 
disability or any other protected status. 

Applications, including a statement of current and future research interests, curriculum vitae, list of publi- 
cations, and the names of three references should be sent to: Dekan der Mathematisch-Naturwissen- 
schaftlichen Fakultat |, Humboldt Universitat zu Berlin, code PR/025/08, Unter den Linden 6, 10099 Berlin, 
not later than 30.11.2008. Application materials will not be returned. Therefore, you are requested to send 
only copies of all documents. An electronic copy of all materials should be included. 

To accelerate the process, applicants are kindly requested to send their application materials both in written 
form as well as electronically via https:/ /www2.physik.hu-berlin.de/ssl/chem_biologie/ 

For further information visit the FMP website wwwfmp-berlin.de and the website of the Humboldt- 
Universitit www.hu. berlin.de. 


Wellman Cgutce_ Si] Ve] ikisT | 


Position: Assistant or Associate 
Professor (Photodynamic Therapy) 
The Wellman Center for Photomedicine at Har- 
vard Medical School and the Harvard University- 
Massachusetts Institute of Technology Division 
of Health Sciences and Technology (HST) are 
collaborating in the search for a candidate at 


Tt 


Postdoctoral positions are immediately avail- 
able in the Cardiovascular Rescarch Center at 
Temple University to study stem cell therapy 
for cardiac repair, calcium mediated myocyte 
remodeling, the role of inflammation and 
inflammatory proteases in cardiac remodeling 


and gene transfer therapy. Applicants should 
have an M.D and/or Ph.D. degree with a strong 
background in ccll physiology, stem cell biol- 
ogy, cell and molecular biology, biochemistry 
or related disciplines. Applicants should have 
demonstrated scientific productivity, good 
interpersonal and communication skills, and 
be able to conduct independent rescarch 


Please send a copy of your CV, a brief state~ 
ment of rescarch interests, and contact infor- 
mation for three referees to: 


Steven R. Houser, Ph.D. 
Professor and Chair of Physiology 
Email: steven.houser@temple.edu 


Abdelkarim Sabri, Ph.D. 
Assistant Professor 
Cardiovascular Research Center 
‘Temple University Medical School 
Philadelphia, PA 19140 
E-mail: sabri@temple.edu 


Temple University is an Affirmative Action/ 
Equal Opportunity Employer and strongly 
encourages applications from women 
and minorities. 


cither the Assistant or Associate Professor level 
who will establish new research programs in 
biomedical optics, focused on the application 
of photodynamic therapy (PDT) in areas such as 
(but not limited to) cancer research, infectious 
diseases, and imaging. The candidate will be 
expected to promote and faster multidisciplinary 
research with joint faculties within Wellman, 
HST, and the larger MGH and Harvard research 
communities (http://www.mgh.harvard,edu/ 
wellman). Applicants should submit by June 27, 
2008, a CV, a statement of research and teaching 
interests and potential collaborative possibilities 
with WCP and HST faculty (http://hst.mit.edu), 
Three letters of recommendation sent directly to 
the Search Committee Chair are required. All 
materials mailed to: Ta} 

Chair of WCP/HST PDT Faculty Search Com- 
mittee, c/o Susan Weeks, Wellman Center for 
Photomedicine/MGH, 40 Blossom Street BAR 
604, Boston, MA 02114, Electronic versions of 
the application materials should also be sent to 
WCPFacultySearch@partners.org. 
Massachusetts General Hospital, Harvard Uni- 
versity and Massachusetts Institute of Technology 
are Equal Opportunity Employers. Women and 
minorities are encouraged to apply. 


top employers post jobs on Science Careers. 


We’ve got Careers down to a Science. 


With thousands of job postings from 9 out of 10 top employers, 
Science Careers connects you to exceptional career opportunities across 
the globe. We know the industry and have the resources to prove it. 


Whether your path is R&D, tenure track, bioprocessing, or lab management, Science Careers 


Science Careers is dedicated to matching qualified scientists with the 
industry's top employers. Drop by www.ScienceCareers.org and begin From the lScience 
searching jobs today. Perso u\ AAAS 


www. ScienceCareers.org 


THE HUMAN FRONTIER SCIENCE PROGRAM (HFSP) 
2009 POSTDOCTORAL FELLOWSHIPS 


Deadline password registration: 28 August 2008 
Submission deadline: 11 September 2008 


The Human Frontier Science Program offers fellowships for basic research training in the life sciences across national and 
scientific boundaries. Applications are invited for two international programs that support postdoctoral investigators who explore 
new research areas. Frontiers of science are often found at the interface of biological and physical sciences and participation 
of scientists from outside the life sciences is encouraged. 


+ Long-Term Fellowships are reserved for applicants with a PhD in biology to embark on a new project in a different field 
of the life sciences. Preference is given to applicants who propose an original study in biology that marks a departure 
from their previous PhD or postdoctoral work. 


Cross-Disciplinary Fellowships are open to applicants with a PhD from outside the life science e.g. in physics, chemistry, 
mathematics, engineering or computer sciences or who have had little research experience in biology during their previous 
training. Fellows are expected to be exposed to new literature and methods during the tenure of their award while their 
previous expertise should be reflected in the research project. 


Fellowships are for three years and offer flexible use of funding in the final year for extended training in the host country or to 
return to the home country. The start of the third year can be deferred for up to two years while being supported through other 
funds thus allowing extension of the training in the host laboratory. On return to the home country fellows can apply for a 3 
year $100.000/year HFSP Career Development Award. 


Nationals from any country can apply for training only in a supporting country, while nationals of the HFSP supporting countries 
can apply to work in any other country. 


Current supporting members are: Australia, Canada, the European Union, France, Germany, India, Italy, Japan, the Republic 
of Korea, New Zealand, Norway, Switzerland, the United Kingdom, and the United States of America. 


Detailed application guidelines are available at www.hfsp.org. 
The online submission system will be available late July 2008. 


AWARDS 


Get help 


Yo ur from the Boehringer Ingelheim (Canada) Ltd. 


career is ‘Woah 
our cause. - 
Prof. Marie Kmita 


www.sciencecareers.org Inst de eceres niques de Montréal RCM) 


Research Assistant Professor 
Université de Montréal 


Canadian Young Investigator Award 


The recipient of the 2008 Boehringer Ingelheim Canadian Young 
Investigator Award in Biological Sciences is: 


Job Postings 
Dr. Kmita is studying the genetics underlying the morphogenesis of the 
J fe) b Ale rts skeleton during embryonic development. Utilizing chromosome engineering 
and mouse genetics, her research team has developed mouse models for 
congenital skeletal malformations. She is currently investigating the function 


Res ume / CV of the Hox genes in osteo-chondrogenesis and limb patterning. 


Database The R&D division of Boehringer Ingelheim Canada Lid. is one of Canada’s 

largest pharmaceutical research centres. One of our important corporate 

. policies is to support and encourage basic research in Canadian universities. 

Career Advice To this end, we have established the Boehringer Ingelheim Young Investigator 

‘Award in Biological Sciences. The award is made annually to a new faculty 
member conducting biological research in a Canadian university, and 

Career Forum consists of an unrestricted three-year research grant. 


Previous recipients 
2007 _Dr.Zhong-Ping Feng, Department of Physiology, 
University of foronto 


2006 Dr Hao Ding, Department of Biochemistry 
and Medical Genetics, University of Manitoba 


2005 Dr.John H. Brumell, University of Toronto = Boehringer 
2004 Dr Shun-Cheng i, University of Wester Ontario ill Ingelheim 
2003 Dr. Michele Bany, Universtyof Alberta 
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BIO KOREA 2008 
OSONG 


CONFERENCE & EXHIBITION 


Science Careers 


October 8{Wed) ~ 1 O{Fril, 
Osong Bio-Technopolis, Korea 
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~ Pharmaceuticais & Drug Discovery, Bictechnol in Business F 


Genomics & Proteomics ; 
- Industrial & Environmental Biotechnology Company Presentation & Partnering 
+ Bio Chips, Bio-electronics, Bio-informatics mOryanized by 
~ CRO, CMO, CSO, Patent and Legal Services, Venture 
Capitals, Consulting Companies 
- Medical Devices & Lab Equipment 
- Bio-Clusters, Academic Research Centers, etc. 


Chungcheongbuk-dolChungbuk Province! 
Korea Health Industry Development Institute {KHIDI| 
Korea International Trade Association (KITA) 


Contact Us 
Tel; 82-2-6000-5118 Email: biokoreal@kita.net 


Fundacion BBVA 


2008 BBVA Foundation 
Frontiers of Knowledge Awards 


Nominations close June 30, 2008 


The BBVA Foundation Frontiers of Knowledge Awards seek to recognize research in 
the basic sciences, biomedicine, the environment, information technologies and 
economics, along with creative output in the arts. Awards are also granted for research 
and/or projects addressing two core concerns of the 21st century, climate change and 
development cooperation. 


The BBVA Foundation Frontiers of Knowledge Awards will consist of 400,000 euros, 
a diploma and a commemorative artwork in each prize category. 


For more information, visit: 
www.fbbva.es/awards 


The BBVA Foundation Front 
cover the following categori 


of Knowledge Award 


™@ Basic Sciences (Physics, Chemistry, Mathematics) 
Biomedicine 

@ Ecology and Conservation Biology 

@ Information and Communication Technologies 

@ Economics, Finance and Management 

@ Arts (Music, Painting, Sculpture, Architecture) 

@ Climate Change 


@ Development Cooperation 


online @sciencecareers.org 
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available every day on 
Science Careers. 


We’ve got Careers 


Career Resources: 


Job Search 


Resume/CV Posting 


¢ Job Alerts 


Grant Information 


e Careers Forum 


© and more... 


Science Careers 
RAVAAAS | 


From the journal Science 


www. ScienceCareers.org 


down to a Science. 


1542 


CARDIOVASCULAR PHYSIOLOGIST 
Research opportunity is available within a research 
environment in a large teaching hospital for an in- 
dividual whose professional career has advanced past 
the postdoctoral level 
research productivity 


s evidenced by consistent pub- 
lications and The position will permit 
the indi arch interests in cardio- 
vascular and pulmonary patho-physiology in a research 
laboratory well equipped for cardiovascular hemo: 
dynamic and metabolic studies, Its connection to the 
Thoracic Surgery Department and a private research 
institution within a large medical center will provide 
the potential for growth, development, and pursuit of 
new research areas and ideas. Previous research has 
dealt with, but was not limited to, heart prese 
control of heart lism, heterotopic h 
pla 


rt trans: 
Marfan syndrome, and myo: 
cardial angiogenesis. Interested individuals should 
submit their curriculum vitae to: Dr. Thomas Masters, 
e-mail: tom.masters@carolinashealtheare.org. 


Help employers find 
you. Post your 
resume/cv. 


Science Careers 
MYAAAS 


From the journal Science 


www.ScienceCareers.org 


‘The Department of Biologic 
sity of Illinois at Chicago (UIC 
for a Lecturer position for the academic year 2008- 
2009. The position is for the overall coordination of 
the laboratory sections of genetics. Duties include re- 
sponsibility for setting up and ig the lab 

s, training and 
ssigning course grades, 
This is a nont 


supervising te: 


ng assis 
and course developme 
tion, Minimum requirements are a Master’s degre: 


arelated science field and relevant teaching experience: 
Minimum salary is $35,000, induding a nine-month 
academic year and a two-month summer appointment, 
fal rime, For fallest consideration, please submit your 
application by June 30, 


is at Affnatie Acon/Egual Oppornty Employer 


Stop searching for a job; 
start your career. 


www.ScienceCareers.org 


MARKETP! 


Promab Biotechnolog’ 
Custom Monoclonal 
Antibody $4,200 


Inc. 


You got 
the offer 
you always 
dreamed of. 


Now what? 


www.sciencecareers.org 


Science Careers 


From the journal Si 


>3,000 CLONES WILL BE SCREENED 


www promab.com info@promab.com 


Extraordinary TRANSFECTION 
Gemomone -Ne 100+ citations, including 


in vivo « Sendai virus envelope fusion technology * 

gentle, efficient * bypass endosome degradation 
* siRNA, DNA, protein, 
www.cosmobio.com 


US Pat #5,436,149 e-mail 


Cal: Ab Peptides 1+800+383+3302 
Fax 314*968*8988 www.abpeps.com 


Immunochemical Reagents 


§ Hapten Reporter Groups and Conjugates 
* Wide Selection of Conjugates: 
NP, DNP, TNP, PC Proteins & more! 


BIOSEARCH +1.800.GENOME.1 
TECHNOLOGIES \ywwrbtiimmuno.com 


Custom Antibody Production 
‘* Polyclonal and monoclonal antibodies 
* Phospho-specific antibody package 

* Industry leading affordable price 

* Advanced antigen design assistance 


EZBiolab _www.eezbiolab.com 
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What if staying up to date with the 
latest technology published in journals 
and patents were as easy 
as pushing a button? 


It is. 


With the “Keep Me Posted” alerting feature, SciFinder sends you 
automatic updates on areas you—and your competitors—are interested in. 


You can monitor specific research topics, companies, authors, substances, or sequences, and choose 
how frequently you receive notifications: daily, monthly, or weekly. 

The service isn’t just convenient, it’s incredibly current. Journal article records often appear in 
SciFinder before they’re even in print. New references, substances, and sequences are added daily. 
Patents from all the major offices are added within two days of issuance. 

As with all SciFinder features, Keep Me Posted is integrated with your workflow. At any point in a 
search (including the beginning), simply click on the Keep Me Posted button. SciFinder tracks your 
steps and will generate the appropriate alert—even for complex topi cs. When you receive a 
notification, you can follow each reference as you would in a search: find citing or cited articles (with 
links to the electronic full text), and follow referenced substances and reactions for further information. 

Comprehensive, intuitive, seamless—SciFinder doesn’t just alert you, it’s part of the process. To 
find out more, call us at 800-753-4227 (North America) or 614-447-3700 (worldwide) or visit 
www.cas.org. 


SciFinder’ 


Part of the process." 


COS A division of the American Chemical Society. SciFinder is a registered trademark 
of the American Chemical Society. “Part of the process” is a trademark of the American Chemical Society. 


R&D Systems Antibodies 


First Rate Antibodies. No Second Guesses. 


For research use only. Not for use in diagnostic procedures. 


USA & Canada R&D Systems, Inc. Tel: (800) 343-7475 info@RnDSystems.com 
Europe R&D Systems Europe, Ltd. Tel: +44 (0)1235 529449 info@RnDSystems.co.uk 


a 
“ 
Selection expanding weekly—visit www.RnDSystems.com/go/request to sign up for weekly new product updates. = i 


